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: SYDNEY BRYAN DONKIN, the retiring President, in the Chair. 


a = On the motion of the retiring President, it was resolved :— 


“That the members present at this meeting, on behalf of themselves 
and others, record with deep regret the death of their esteemed 
and honoured Past-President Sir John Purser Griffith, M.A.I., 
and desire to express sincere sympathy with the members of 
his family in their bereavement. He was elected a Member of 
Council in November, 1910, Vice-President in November, 1916, 
and President in November, 1919. His association with The 
Institution was marked by the warmest interest in its well- 
being, and through his generosity the Institution is indebted 
for the decorative work in 1919 to the Great Hall of the 
Institution, including the painting upon the ceiling panel.” 


-— Mr. Donkin said that it was, he knew, with great regret that the members 

‘The Institution had heard of the deaths, during the recess, of Sir Basil 
fott, Past-President, Sir J ohn F. CG. Snell, Past-Vice-President, Mr. 
Alexander Newlands, Member of Council, and Sir Albert Ashley Biggs, 
Sir Henry Fowler, and Dr. C. C. Carpenter, former Members of Council. 
Resolutions of condolence had been passed by the Council, and had been 
to their respective families. 


It was his very pleasant duty before vacating the Presidential Chair to 
the honour of introducing to the members the new President, Mr. 
iam James Eames Binnie. To the majority of the members Mr. 
e needed no introduction ; his great works in engineering connected 
water-supply were well known to them. Mr. Binnie possessed what 
ersonally he regarded as the two attributes in engineering that were 

ntial: ability and capability. He was the distinguished son of a 
incuished father, Sir Alexander Binnie, who was President of The 
tion in 1905, and was creating the third precedent for father and son 
been President. He was sure that he voiced the feeling of the 


dent, and he would now ask Mr. Binnie to take the Chair. 
“a ; 1 


bers in congratulating The Institution upon the choice of its new = 
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Mr. WILLIAM JAMES EAMES BINNIE, M.A., President, having 
taken the Chair, ‘ 


Sir Cyri, Kirkpatrick, Past-President, moved the following resolu- 
tion :— } 
“That the Members present at this Meeting desire, on behalf of them. 
selves and others, to record their high appreciation of tha 
services rendered to The Institution by Mr. Donkin during his 
term of office as President.” ( 


Having moved that formally, he said, he would like to say a word or twc 
informally. Mr. Donkin had been an exemplary President. He had not 
spared himself, but had interested himself materially and to the fullest 
extent possible in the interests of The Institution, and had given up an 
immense amount of his time to the arduous duties of his office. 


Sir George Humpnreys, K.B.E., Past-President, in seconding the 
motion, said that it was necessary to have been President oneself fully to 
appreciate all the calls which had been made upon the retiring President: 
There would be general agreement that The Institution had seldom had a 
more untiring and energetic President than Mr. Donkin. } 

The resolution was carried by acclamation. 


Mr. Donk1n, in acknowledging the resolution, thanked the mover and 
-seconder for what they had said and the members present for the way in 
which they had supported the resolution. If any credit were due, such: 
credit was due as much to the Council and to the officers of The Institution 
as to himself, as it was, especially nowadays, the team-work of the Council 
and of its Committees which enabled things to be carried out. Finally, 
he would like to say that to him the past Session had been one of very 
great interest, and he vacated the Chair with some regret, and with great 
hopes for the future prosperity of The Institution. . 


The President then delivered the following Presidential Address : 
GENTLEMEN, 


On entering our career each of us is imbued with the hope that some 
day he may rise to the top of our profession, which is the Presidency of the 
Institution of Civil Engineers: that hope can only fructify in the case of 
very few, and you may therefore realize my pride, and my gratitude to 
you all, on taking this Chair. There are, however, two sides to the 
picture, as the office is no sinecure, it being the privilege of the President 
amongst other duties, to represent The Institution at social and otlat: 
functions, and I was somewhat appalled when our late President informe 
me of the number of dinners he had attended during his year of offi 
at many of which he was called upon to make a speech. In addition : 
the social side, the work of the Council, in which the President a 
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jsmall part, has increased by leaps and bounds during the last few years, 

jand now takes up a very considerable amount of time. 

} The Institution is fortunate in having an able and energetic Secretary, 
and I sincerely hope that with the help of my colleagues on the Council and 

with his assistance I shall be able to represent you in a worthy manner. 

_ The selection of a subject suitable for the Presidential Address is some- 
what difficult, owing to the number of Past-Presidents who have covered a 
wide field in modern engineering. It occurred to me, therefore, that it might 
prove of interest to break away from tradition and to deal with what was 
known by those who lived in ancient times regarding science and engineering. 

The field is wide, and to reduce the matter to the compass of an Address 
such as this, it appeared to be preferable to select only a few Authors who 
are not so well known as Vitruvius, and yet give a considerable amount of 
insight into the knowledge of their times. 
~ Many countries appear to have passed through cycles of culture and 
barbarism, the knowledge accumulated at one period being completely lost 
‘subsequently or only surviving through the medium of a few manuscripts 
‘which fortunately escaped destruction. The Egyptians, pre-eminent in 
‘learning in ancient times, had accumulated at Alexandria a vast store of 
manuscripts, which would have thrown much light on the knowledge of the 
‘past had not the library been burnt about 2,000 years ago. Any visitor 
to that country cannot fail to be struck with the immense monuments 
built by the Pharaohs, and one can only speculate as to how the enormous 
stones of which the pyramids are built were placed in position. The 
‘quarries from which came the granite that was used for the temples are 
ituated at the first cataract, near where the outcrop on which the 
‘Aswan dam is founded crosses the river. The rock is comparatively 
free from joints, it being possible to obtain stones of very large dimensions, 
and in one of the quarries is to be seen a partially excavated obelisk, 
the dimensions of which are such that it would weigh about 1,200 tons. 
The face of the quarry was stepped and trimmed so as to form two sides 
‘of the obelisk, a longitudinal groove had been cut down to the base to 
form the third side, this groove being just wide enough to allow of the 
entry of the men who gradually chipped away the granite, and a line of 
holes had been drilled for the insertion of wedges to split the stone from its 
bed. This obelisk was most likely intended for one of the temples at 
‘Thebes, situated over 200 miles down the river, where it would probably 
have been conveyed by some form of barge, to be dressed and sculptured 
by the masons before being erected on its pedestal. 

- The use of the drill was known in Egypt at least 5,000 years ago, as 
specimens were found at the Step pyramid. The drill-point or cutting 
dge was of flint, shaped somewhat like a crescent moon, brought to a 
oint in the middle to form the axis about which the drill revolved, and 
s it was important that the tips should be equidistant from the centre, it 
4was tested before use by sinking shallow holes in test blocks and trimming 
ntil this object was attained. 
Ses 
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It was my good fortune, when visiting Egypt in 1928, to spend a Sunday: 
with the late Mr. Firth who was then in charge of the excavations at the 
Step pyramid, and he presented me with a specimen of one of these cutter: 
and a testing block, which are now on the table. t 

We learn from a wall-painting that the cutter was fixed to a shaft 
provided with a handle, so that it could be rotated by one hand, the 
other hand keeping it in position, and that when used for drilling vertical 
holes two sandbags were attached to the shaft near the handle by meant 
of cords or leather thongs, the sandbags exerting a uniform pressure 
on the cutting edge, giving at the same time a flywheel action as the dr 
was rotated. . 

A wall-painting shows that heavy stones were lifted by means of a 
primitive crane, which consisted of a large wooden drum with holes aroun 
the circumference in which the ends of stout timber spokes could be in- 
serted, the axle of the drum being carried by a heavy timber frame pro- 
vided with two overhead pulleys. Lifting ropes were attached to the 
stone, passing over the pulleys and around the drum so as to be clear | 
the holes in which the spokes were inserted. The painting shows 
number of men standing on one of the spokes; their weight would caus 
the drum to revolve and the stone to be lifted until the end of the spo 
reached its downward position, when the spoke would be removed 
inserted in the hole next above, and the process repeated until the stone was 
lifted to the necessary elevation. 

The study of astronomy dates back to very early days in Egypt, and 
much has been written on the subject. The view is generally held that it 
is only in comparatively modern times that it became recognized that the 
world was a sphere : in fact, it was dangerous in the Middle Ages to express 
such a belief. Eratosthenes, the Librarian of Alexandria, who died 
about 250 B.c., was not only aware that the world was a sphere, but 
made a very close estimate of its circumference in the following manner. 
At the summer solstice the noon sun is mirrored in a deep well situated 
at Syene just below the First Cataract, and at Alexandria, situated 500 
miles to the north, the shadow thrown by an obelisk showed that the sun 

: was 7 degrees 12 minutes from the zenith at the same time, and as the 


’ sun’s rays can be considered as parallel, this meant that the difference ir 
7, latitude, namely 500 miles, was one-fiftieth of the entire circumference 
of the earth, which would therefore amount to 25,000 miles. . 

The discussions of the Greeks were frequently devoted to an endeavow 


to solve the mysteries of nature, of time, and of space. 


Lucretius.—Lucretius, a Roman living in the century before Chris bi 
became so impressed by their speculations that he wrote a poem entitled 


“ The Nature of Things ”’ for the benefit of his patron Memmius. 


~ ine e ee ae is full of beautiful imagery, and the 
poem has been so admirably translated by Munro that it loses little of its 
charm when read in English. Faro theptt lees Sa 
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The gods who were worshipped at that time, and who were supposed 
}to be responsible for the material universe, were endowed with few attributes 
which would entitle them to respect, and the cultured would have none of 
jthem. 

~ Lucretius lays no claim to be the originator of the atomic theory which 
was then advanced, making reference most probably to Democritus in the 
following words :— 

“Him neither story of Gods nor thunderbolts nor heaven with 
threatening roar could quell: they only chafed the more the eager 
courage of his soul, filling him with desire to be the first to burst the 
fast bars of nature’s portals. Therefore the living force of his soul 

"gained the day: on he passed far beyond the flaming walls of the 

~ world and traversed throughout in mind and spirit the immeasurable 
universe: whence he returns a conqueror to tell us what can, what 
cannot come into being ; in short on what principle each thing has its 
powers defined, its deep-set boundary mark.” 

Democritus taught that nothing is ever begotten out of nothing by 
divine power, but that all things consisted of what Lucretius calls “‘ seeds ” 
or “first beginning of things’’, which are in constant motion, and the 
following abstracts will serve to show his theory. 

3 “, . all things consist of a imperishable seed, nature suffers 
the destruction of nothing to be seen, until a force has encountered 
it sufficient to dash things to pieces by a blow or to pierce through the 
__ void places within them and break them up. 

e “ , . the fastenings of first-beginnings one with the other are 
unlike and matter is everlasting. 

“For verily not by design did the first-beginnings of things 
station themselves each in its right place guided by keen intelligence, 
nor did they bargain sooth to say what motions each should assume, 
-- but because many in number and shifting about in many ways through- 
out the universe they are driven and tormented by blows during 
infinite time past, after trying motions and unions of every kind at 
length they fall into arrangements such as those out of which this our 


% sum of things has been formed. 

ak “ And yet all things are not on all sides jammed together and kept 
in by body: there is also void in things. 

a “Tf there were not void, things could not move at all; for that 
__ which is the property of body, to let and hinder, would be present to all 


_ times. 
“However solid things are thought to be, you may yet learn 
from this that they are of rare body: 

“|. why do we see one thing surpass another in weight though 
not larger in size ? For if there is just as much body in a ball of wool 
as there is in a lump of lead, it is natural it should weigh the same, 

since the property of body is to weigh all things downwards, while 
on | the contrary the nature of void is ever without weight. Therefore 


ee ee 


—— 


’ 


6 - PRESIDENTIAL ADDRESS. 


when a thing is just as large, yet is found to be lighter, it proves sure 
enough that it has more of void in it; while on the other hand t em 
which is heavier shows that there is in it more of body and that it 
contains within it much less of void. 

“  . . though the first beginnings of things are all in | 
yet the sum is seen to rest in supreme repose, unless where a th ings 
exhibits motions with its individual body. For all the nature of 
first things lies far away from our senses beneath their ken; and: 


must withdraw from sight their motion as well.” 
Democritus believed in a universe which had no bounds, and Lucretius 
puts forward the following ingenious argument in support of that view :— 
“. . if for the moment all existing space be held to be bounded, 
supposing a man runs forward to its outside borders and stands on 
the utmost verge and then throws a winged javelin, do you choose 
that when hurled with vigorous force it shall advance to the point to 
which it has been sent and fly to a distance, or do you decide that some- 
thing can get in its way and stop it ? for you must admit and adopt one 
of the two suppositions ; either of which shuts you out from all escape 
and compels you to grant that the universe stretches without end.” 
Conceptions of time are set out in the following words :— 
“Time also exists not by itself, but simply from the things which 
happen ; the sense apprehends what has been done in time past as well 
as what is present and what is to follow after.”’ 


Archimedes.—Archimedes lived at Syracuse between 287 and 212 B.0. 
He was a renowned philosopher and mathematician, who is best known to 
engineers as the inventor of a method of raising water by means of a lead 
pipe wound spirally round a revolving inclined rod, the screw which now 
serves that purpose being called after him. As a youth he attended the 
Royal School of the Ptolemies at Alexandria, where Euclid had taught 
about 50 years before his time. q 
The story of how he discovered a means of determining the “ specific 
gravity ” of a body is worth repeating, although probably well known to 
all of you. Archimedes was a great friend, some say a relation, of Hiero, 
King of Syracuse, who had purchased a gold crown, and as he was in 
some doubt as to whether an alloy had been mixed with the gold, he handed 
it over to Archimedes to determine if this were so. Archimedes was 
greatly puzzled how to set about the problem, until one day on entering 
his bath he noticed that the water rose over the sides as he got into it. 
- He was at once struck with the idea that the problem was solved if he 
obtained a lump of gold equal in weight to the crown, measuring the bulk 
of each by the displacement when immersed in water. We are told that 
his joy was so great that he jumped out of the bath and ran home without 
his clothing shouting “ewreka”’ / “ eureka ” J *” 


He was also so impressed with the capability of the lever for moving 


ae 
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#heavy weights that he is reported to have said, “ Give me a fulcrum on which 
rest and I will move the earth.” 
The story of how his genius defied all attempts to take the city of 
yracuse by storm has come down to us, and is well worth repeating. 
Syracuse is situated on the coast of Sicily, and the Roman general 
Marcellus collected a fleet of sixty galleys each propelled by five beaks of 
oars in order to attack it from the sea, another force, under Appius Claudius, 
investing the city on the land side. The usual weapons, such as catapults, 
etc., were employed against the city, but they were completely out-ranged 
by Fics devised by Archimedes, who also hit on the idea of constructing 
oopholes through the walls for the protection of the defenders. 
Marcellus then planned a night attack both from the land and sea, and 
as the water came right up to the walls of the town he adopted the following 
expedient : galleys were roped together side by side in pairs to form large 
platforms on which scaling-towers, which were called ‘“ sackbuts,’” could 
be erected, of such a height as would enable the attackers to reach the top 
of the walls when the galleys were brought right up to them. 
_ The scheme of the Romans, however, became known to Archimedes, who 
prepared his little surprise. Machines, which must have resembled cranes 
with a balanced jib, were built behind the walls out of view of the attackers, 
and when the galleys had reached the walls, the jib was swung outwards 
by means of chains and pulleys. Over the pulley of the jib ran a chain 
to the end of which heavy weights were attached, which were dropped 
on to the galleys, causing great damage and confusion. The cranes were 
also equipped with powerful claws or grabs which seized the prows of the 
galleys and lifted them right out of the water, the vessels becoming full of 
water when dropped back again and many being capsized. The grabs 
must have been very powerful when the size of a Roman galley is considered, 
and one would be inclined to treat the story as a fable if confirmation were 
not forthcoming from Marcellus himself, who wrote that “ his vessels were 
treated as buckets to draw water.” 
E Seeing that it was hopeless to take the city by storm while Archimedes 
was in command of the defence, Marcellus, who was in a position to cut 
off all supplies, reduced it by starvation, Archimedes being killed by a 
common soldier when the city was entered. Marcellus expressed great 
sorrow when the news was brought to him, which was natural, as Archimedes 
was much reverenced by his contemporaries. 
_ There is a tradition that Archimedes employed mirrors to concentrate 
he rays of the sun on the sails of the ships and so set them on fire, but 
Joubt has been thrown on this Pith 


tial 


Hero of Alexandria.—Hero, sie lived at Alexandria about 2,000 years 
ago, has the credit of being the inventor of the steam engine, but, in fact, 
his “engine was only a toy. He was a pupil of Ctesibius, who was a 
enowned Ot eae ae and who is frequently referred to by ancient 
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To Hero are attributed a book called “ Pneumatics” dealing with — 
air and water, one called ‘‘ The Dioptra ” describing surveying instruments 
and the use to which they can be put, one called ‘‘ Catoptrics”” on the — 
theory of mirrors, and three on the subject of mechanics. 

‘Pneumatics’ has been published in England and a copy is in the © 
Institution Library; the other five have been translated into English 
by Mr. R. C. S. Walters, one of our Members, but have not been published. 
I am greatly indebted to Mr. Walters for the loan of his manuscripts for — 
the purpose of this Address, as they are of great interest as showing the 
extent of engineering knowledge at that time. 

The steam engine is described in Hero’s book on pneumatics. In the 
preface he lays no claim to have invented all the devices which he describes, 
and it is possible that the credit is really due to Ctesibius. The steam 
engine consisted of a hollow sphere which revolved on an axle through which 
steam was admitted, escaping by two pipes opposite to each other, these 
pipes being bent at right angles at their extremities so that the steam as it 
emerged caused the sphere to revolve, and he describes how the same 
principle can be applied to cause a stage to rotate on which dancing figures 
were mounted. 

“Pneumatics ’’ describes very lucidly the principle of siphonic action, 
and deals with a number of devices depending upon the compressibility 
of air and the siphonic action of water to operate automata. Hero's 
designs are ingenious, and amongst others he shows how to cause wine 
or water to be poured at will from the same bottle, a conjuring trick familiar 
to most of us. 

The book is not entirely devoted to entertainment, as it describes 
how to construct a fire-engine which differs but little from those which 
were in use not so very long ago. Reference to the hose-pipe is omitted, as 
probably at that date there was no suitable substance for its construction, 
the nozzle being mounted on a hollow axle to which the water was 
admitted under pressure from the pumps, so that by rotating the nozzle 
in a vertical plane the jet could be directed at any desired angle. 

An ingenious method for charging a siphon is described, consisting of a 
vessel connected to the mouth of the longer leg and holding more water 
than the contents of the siphon, and provided with an outlet, which 
when opened, emptied the vessel, thereby charging the siphon. \ 

a use of cylinders, pistons, and valves was apparently well known, 
and an air-compressor for operating an organ either ma r b ; 
of a windmill is described. cf , . anally Dia 

There were two instruments used at that period for surveying, etc., 
the “ groma”’ and the “ dioptra,” the former being well known and in 
general use. ~ ~eNee 

The “ groma ” consisted of a rectangular cross with equal arms, from 
the ends of which plumb-bobs were hung, the cross being supported ona 
eae te as tir ns be. pane sights to be taken in line with the plumb- _ 

’ ying to set off right angles from any base-line. 
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_ Hero points out that the oscillation of the plumb-bobs due to wind 
would militate against accurate work. 

The “ dioptra,” which resembled a theodolite (Fig. 1), was used for 
levelling, surveying, and astronomical observations. An arm called an 
“ alidade,”’ 4 cubits (6 feet) in length, was mounted on a vertical semi- 
circular plate, with teeth around the periphery which meshed with a worm 
revolved by a handle so that the arm could be set at any inclination with 
the horizon up to 90 degrees. The “alidade” also revolved about a 
pivot and was attached to a horizontal toothed circle which meshed 


Fig. 1. 
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’ with another worm mounted on a large plate fixed to the column which 
supported the instrument. This worm was fitted with a longitudinal slot 
- slightly wider than the thickness of the horizontal circle, an ingenious 
_ arrangement, as when the worm reached a certain position the teeth 
were out of mesh and the “ alidade ” could be revolved by hand until it 
; pointed in approximately the right direction, the final adjustment and 
_ clamping being given by revolving the “‘ worm ” in either direction. The 
circular plate attached to the supporting column was divided into degrees 
for astronomical observation, but it does not appear, from the description 
given by Hero, that the vertical circle was so treated. oe 
The “alidade” was provided with a longitudinal groove into which 
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a water-level, 5 feet in length, could be inserted when the instrument 
was used for levelling, the vertical limbs being of glass. Two slides, just in — 
contact with the glass limbs, could be moved up and down by means of — 
thumb-screws, and were provided with peep-holes which could be brought — 
into collimation with the surface of the water at each end of the level. . 

As the telescope was not yet known, it was not possible to read the 
staff at any great distance, so it was provided with a disk 12 digits (9 inches) — 
in diameter sliding on the staff, the upper half of the disc being painted — 
black, and the lower half white, and this disk was moved up and down by — 
the staff-holder until the line of demarcation between the black and white _ 
could be seen through the peep-holes. . 

The staff, which was provided with a plumb-bob to ensure that it was — 
held vertically, was about 10 cubits (15 feet) in height, the divisions into 
cubits and palms (2{ inches) being marked on the side, and was read by © 
means of a pointer attached to a sliding disc, the readings being entered — 
under columns headed “foresight ” and “ backsight”’, just as in the modern ~ 
levelling book. { 

There is no doubt that very accurate levelling could be carried out with — 
this instrument, and hence it was possible to set out aqueducts with very 
flat gradients. 

When used for surveying the “ dioptra ” lent itself readily to setting 
out offsets at 90 degrees to a base-line, and Hero gives a number of examples 
of how to use it for various purposes, such as to obtain the distance between 
two inaccessible points, setting out the centre-line of a tunnel when 
neither end could be seen from the other, etc. 

He states that the “dioptra ” was used for astronomical purposes in 
connexion with the measurement of the distances which separate stars, 
and of their size, observations of the eclipses of the sun and the moon, etc. 

The problem with which he deals were explained by diagrams, which 
have been lost, but which have been reproduced from his text. 

Trigonometry had not been developed at that time and the methods 
used for arriving at the various solutions depended upon the use of right- 
angled offsets and similar triangles. 

The “hodometer,” a machine for measuring the distance between 
any two places along the ground, is described, the distance being determined 
by the number of revolutions of a large wheel of known diameter provided 
with a spur on the axle which operated a system of gears furnished with 
pointers and dials. 

The “‘ship’s log” is also mentioned for measuring the distances travelled 
on water by means of a large wheel provided with vanes around the 
circumference, but whether or not it was actually used is not known. 

Hero’s book on “ Catoptrics” deals briefly with the propagation of 
light, and proves that the rays of incidence and reflexion make the same 
angle with the surface of a mirror at the point of contact, and that to get a 
good reflexion it was necessary that the surface should be highly polished, 
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He describes plane, concave, and convex mirrors, the material used 
for construction being bronze, and deals with the comical effects which 
can be obtained by distortion of the image when concave and convex 
mirrors are used. He shows how an image can be made to appear on a 
stage by the use of two mirrors placed parallel to each other and inclined 
to the horizontal, one mirror being below the stage and throwing the re- 
flexion of the image through an opening on to the second mirror, which was 
placed in a cabinet—an anticipation of the famous ‘“‘ Pepper’s Ghost.” 

His books on “ Pneumatics’? and ‘“ Catoptrics”” show that he had 
developed conjuring to an extent which rivalled the attainments of Messrs. 
Maskelyne and Cook. 

It is quite possible that some of the devices may have been used by the 
priests to impose upon their congregations as, amongst others, he explains 
how a temple-door can be caused to open by means of fire on an altar. 

Hero’s first book on mechanics deals with the principles of gearing and 
devices by means of which “ reproduction ”’ of objects, whether plane or 
solid, can be made to different scales. He also shows how the weight of a 
beam is distributed over two or more supports, when the pillars are placed 
either symmetrically or otherwise, and when the beam projects beyond 
the supports, and states that Archimedes had already dealt fully with this 

subject. He proceeds to show how the centre of gravity of any plane 

_ figure can be obtained by hanging it from different points of suspension, 
the centre of gravity being the point where the verticals through the points 

_of suspension intersect. — 

Book 2 explains the principles governing simple machinery for moving 
weights ; namely, the wheel and axle, the lever, the pulley, the wedge, 
and the screw, all of which were used long before his time. 

Screws were made of wood, and although there is a reference to a device 
for forming the ‘‘ female ”’ thread, it does not appear that screw-cutting 

lathes were known. The piece of wood on which the thread was to be cut 
_was first turned truly cylindrical, the pitch of the thread being marked 
on a vertical line. A thin triangular sheet of brass was then cut so that 
_ the base of the triangle was equal to the circumference of the cylinder, 
and the vertical side was equal to the pitch. This sheet was wound round 
the cylinder, keeping the base on a plane at right angles to the axis, and a 
line was marked just touching the hypothenuse which gave the trace of 
the thread of the screw, the brass plate being moved vertically until the 
spiral had been completed. It was then a comparatively simple matter to 
cut the thread to the appropriate width and depth. The construction 
of the gear-wheel which meshed with the worm is then dealt with, and he 
shows how to give the necessary inclination to the teeth to mesh correctly. 
Book 3 deals with the use to which the simple machine can be put 
for raising heavy weights, and he describes the derrick and the shear-legs_ 
furnished with the necessary pulleys, ropes, and guys. 
& He points out the inconvenience of setting a block of masonry on ‘its 
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bed if the lifting tackle involves ropes which passed round the block, and — 
he describes how to cut the stone for the insertion of a “ lewis” formed of - 
three pieces of iron, two with one vertical side and one sloping side, 
and the central piece with parallel sides, all these pieces and the lifting — 
~ eye being threaded on a bolt, just as used to-day. if 

He also shows how a stone can be lifted by means of claws and how to © 
up-end a heavy column. Inclines having two tracks are described for — 
moving heavy blocks of stone up- or down-hill by means of a counter-— 
balanced wagon filled with small stones nearly equivalent to the weight — 
of the block, the rope attached to this wagon and that containing the 
masonry blocks passing around two pulleys at the head of the incline. 

He concludes with a description of presses for grapes and olives, using — 
either a weight at the end of a heavy lever or a screw press, such as is used # 
to-day, and he points out that the ancient lever has a certain advantage, — 
as it automatically squeezes the grapes until they will compress no further, } 
whereas the screw requires to be turned from time to time. 


Turning now to water-supply—a subject to which most of my career — 
has been devoted—Frontinus has left an excellent treatise on the aqueducts 
which furnished Rome with water. 


Frontinus—The only English translation of Frontinus’s book, “ De 
Aquis Urbis Romae,” is that published by the well-known American — 
water-engineer Clemens Herschel in 1899, from which the following in- 
formation has been gleaned. 

Sextus Julius Frontinus was born about a.p. 35, and lived during the 
reigns of the Emperors Caligula, Claudius, Nero, Vespasian, Titus, 
Domitian and Nerva. : > 

He held many important posts, and was made Governor of Britain by 
Vespasian about a.p. 80, when he carried out a successful campaign against 
the southern Welsh, and was given the office of ‘‘ Curator Aquarum ” by 
Nerva Agustus when he was a little over 60 years old. This appointment 
would be equivalent to that of Chief Engineer and Manager in charge 
of the aqueducts which then supplied Rome with water, and was held of 
such importance that it was only conferred on men of the highest rank. 

Frontinus was evidently much esteemed by his contemporaries, as 
Pliny on his appointment as Augur wrote, “ What recommends this 
dignity to me still more is that I have the honour to succeed so illustrious a 
person as Julius Frontinus.” Unlike many of his predecessors, he was a 
conscientious man, and in the introduction to his book he says, “‘I therefore 
consider it to be the first and most important thing to be done, as has 
always been one of my fundamental principles in other affairs, to learn’ 
thoroughly what it is that I have undertaken.” mid 4 

The book was written shortly after taking up office, to put on record 
information which he collected concerning the various aqueducts which 
then supplied Rome with water, for the benefit of himself and his successors 
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in office, and he caused surveys to be made and plans to be prepared, as 
there were none before his time. 

No less than nine aqueducts supplied the city with water at that date ; 
they varied in length from 134 to 56 miles, the total length, measured 
along the line of the aqueducts from the intake to the terminal distributing 
basins, being about 263 miles exclusive of Tepula, the length of which is not 
given ; about 354 miles were carried on arches. 

The cross-sectional area of the waterway varied from about 9 to 30 
square feet, and the carrying capacity, as estimated by Herschel, varied 
from 2-4 to 16-9 million gallons per day, the total amounting to 84-1 million 
_ gallons per day, of which 54 million gallons were delivered within the city. 

It can be gathered from the account given by Frontinus and from various 
inscriptions, that the aqueducts required frequent repairs, and Herschel 
estimates that the actual quantity supplied at any one time within the 
city did not amount to more than about 38 million gallons per day, or 
38 gallons per head per day, the population being estimated at one million 
persons. Frontinus gives full details of the quantities supplied for different 
purposes within the city. 
The first of these aqueducts, the Appian, was about 16 miles long and 
was constructed in the year 313 B.c. ; it was almost entirely underground, 
and carried the water of a spring to the city. This was followed after an 
interval of 40 years by the Anio Vetus, 40 miles in length, which took 
water from the river Anio. The “ contract ”’ system was in use at a very 
early date, and Frontinus states that the construction of this aqueduct 
was let to a contractor for the sum realized by the sale of spoils taken from 
Pyrrhus. Cicero writes that ‘‘ contracting for Public Works is one of the 
best ways for getting rich honestly.” 
___ A period of 128 years then elapsed before Marcia, 58 miles in length, 
_ was constructed in 145 B.c. to bring the water of certain springs to the city. 
_Frontinus mentions that the Senate voted 180 million sesterti, the equivalent 
of about £14 million sterling, for the construction of this aqueduct. The 
two older aqueducts followed the contours of the ground and were therefore 
of great length considering the distance of the sources from the city, but 
arches 64 miles in length were now employed to carry the water across 
valleys and to deliver it at a considerable elevation when Rome was 
reached. 
y. _ The three earliest aqueducts were constructed of large dressed stones 
set in mortar, the dimensions being about 18 inches by 18 inches by 42 
inches, but all the succeeding ones, with the exception of Claudia (built 
between A.D. 36 and A.D. 50), were constructed of concrete and brickwork, 
the arches being divided into voussoirs by means of brick courses. 
The Romans used a form of rendering called opus signinum, in order 
to prevent leakage, which consisted of pottery ground to a powder, which 
was mixed with the lime mortar. This proved a very durable lining and 
was used at Alexandria in Egypt, where water was stored underground in 
conduits and tanks which had been tunnelled in a soft limestone. In 
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the course of the last 2,000 years the land has sunk considerably, so that 
some of these aqueducts are now either at or below sea-level and the so 

limestone has been eroded, leaving the “lining” intact in places to for 7 
what have the appearance of gigantic drain-pipes running down to the 

A further period of 18 years elapsed before a volcanic spring inown at 
Tepula was brought to Rome, and as the temperature of that spring was” 
63° F., it was afterwards mixed with the waters of the Julia spring, th 
temperature of which was 50° F. when that aqueduct was built in 35 B.C. 
The length of the Julian aqueduct was 14 miles, the water being carried ~ 
on arches for a distance of 123 miles. ’ 

Frontinus having discovered that the watermen had unlawfully diverted 
a substantial proportion of the flow of a brook called Cabra into this 
aqueduct, wrote: “I therefore cut off the Cabra Brook, and gave it again 
entire, upon the orders of the emperor, to them of Tusculum ; who perhaps ‘ 
now get it with great astonishment on their part and without knowing to. 
what cause to ascribe the unusual abundance. The Julian aqueduct, 
on the other hand, has regained its normal quantity, and holds it even 
during notable droughts, by reason of the destruction of the branch pipes 
through which it was secretly despoiled.”’ 

The aqueduct known as Virgo, 13} miles in length, was constructed in 
23 B.c., and brought in a valuable supply of spring water, the estimated — 
flow of this spring amounting to about 15 million gallons per day. ; 

The next aqueduct was called Alsietina, 21 miles in length, which was 
constructed by Augustus to bring water from the lake of that name to feed — 
the artificial basin called the Naumachia, where mimic sea fights took place. 

The last two aqueducts existing at the time of Frontinus were the 
Claudia and the New Anio, which were constructed by Claudius between 
the years A.D. 36 and 50. Claudia brought in the waters of the Caerulean 
and Curtian springs, the former being famed for the beautiful colour of 
the water, whilst the New Anio brought in a further supply from the river 
Anio. Both aqueducts were carried on arches for a considerable length, 
9 miles in the case of Claudia and 6 miles in the case of the New Anio, some 
of the arches being 109 feet in height. 

The waters of the Claudia aqueduct were carried through a tunnel 3 
miles in length, passing under mount Appliano, and the contractor made a 
vow that if he were successful in completing this work he would build a 
temple on top of the hill, the remains of which are still to be seen. 

Incidentally, rock-tunnelling in those days, without the use of ex- 
plosives, must have been a formidable task, and it was not always certain 
that the headings would meet, as shown by the following correspondence :— 

“Varius Clemens, Governor of Mauritania, to Valerius Etruscus, 
Governor of Numidia. 

** Varius Clemens greets Valerius Etruscus, and begs him in his own 
name, and in the name of the township of Saldae (Algeria) to dispatch 
at once the hydraulic engineer of the third legion, Nonius Datus, with 
orders that he finish the work, which he seems to have forgotten.” | 
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This is followed by the report of Nonius Datus to the magistrates of 
Saldae :— 

_ “After leaving my quarters I met with brigands on my way, who 
robbed me of even my clothes, and wounded me severely. I succeeded, 
after the encounter, in reaching Saldae, where I was met by the governor, 
who after allowing me some rest, took me to the tunnel. There I found 
everybody sad and despondent ; they had given up all hopes that the two 
opposite sections of the tunnel would meet, because each section had already 
been excavated beyond the middle of the mountain, and the junction had 
‘not yet been effected. As always happens in these cases, the fault was 
attributed to the engineer, as though he had not taken all precautions to 
‘insure the success of the work. What could I have done better ? 

“T began by surveying and taking the levels of the mountain; I 
marked most carefully the axis of the tunnel across the ridge: I drew 
plans and sections of the whole work, which plans I handed over to 
Petronius Celer, the Governor of Mauritania ; and to take extra precaution, 
I summoned the contractor and his workmen, and began the excavation 
in their presence, with the help of two gangs of experienced veterans, 
namely, a detachment of marine infantry and a detachment of Alpine 

troops. What more could I have done? Well, during the four years I 
was absent at Lambaese, expecting every day to hear the good tidings 
of the arrival of the water at Saldae, the contractor and his assistant had 
committed blunder upon blunder; in each section of the tunnel they 
had diverged from the straight line, each towards his right, and had I 
‘waited a little longer before coming, Saldae would have possessed two 
tunnels instead of one.” 
_ The art of tunnelling is very ancient, and interesting workings are to 
be found on the river Ystwyth in Wales at a lead mine which is situated 
about 15 miles east of Aberystwyth. This mine was worked by a pre- 
historic people, then by the Romans, possibly at the date when Frontinus 
was Governor of Britain, and by Sir Hugh Middleton, who formed the New 
River Company in the reign of James I. The prehistoric people drove 
very small adits through the slate rock till the lead veins were reached, 
and the Romans followed up these workings. 
_ The late Dr. Herbert Lapworth, my partner Mr. H. J. F. Gourley, and 
“myself, visited this mine in 1912 and saw one of these small adits, which 
was so small that it would only permit the entry of a race of very little 
people. The mine captain who accompanied us stated that he had not 
been able to find any trace of carbon on the roof, traces of which should 
have been found if lamps were used, and had come to the conclusion that 
the little people could see in the dark. 
7 Returning to the water-supply of Rome, settling-tanks were provided 
on each of the aqueducts and the distribution-system was by means of — 
lead pipes connected with basins, these pipes leading to the houses of 


‘private consumers or to the public buildings, water-basins, fountains, 
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Payment was made in accordance with the diameter of the bronze 
nozzle or “ calix” through which the water entered the pipe. Frontinus” 
was aware that the quantity of water which would be delivered would 
depend upon the difference in elevation between the basin and the point 
of supply, and the length of the pipe, but the laws which govern the flow 
of water were unknown, hence the quantity actually delivered to the 
consumer bore very little relation to the diameter of the “ calix”’ and the 
tax which was paid. : 

The Senate had passed a considerable number of by-laws for the pro-— 
tection of the aqueducts and water-supply, but when Frontinus took office _ 
he found that his predecessors had been very lax in their supervision of the — 
watermen, and that these by-laws had not been enforced. The watermen 
were also making quite a fortune out of water supplied without licence. _ 

He writes: “I should call the transgressor of so beneficient a law not P 
unworthy of the threatened punishment. But those who have lived in an > 
atmosphere of delusion, and to whom a violation of the law had become 
second nature in the course of time, had to be brought back to the right ~ 
way of thinking by gentle means.” 

He found that in certain cases the spring water carried by six out of the 
nine aqueducts, representing about two-thirds of the total supply, had 
become contaminated by reason of the watermen having supplemented — 
their supply with river water, due to the fact that part of the spring water | 
was being misappropriated. Portions of the city had also suffered owing - 
to the water being cut off during repairs to the aqueducts, and Frontinus — 
arranged a scheme of inter-connexion which avoided this inconvenience. 
So successful were the measures that he took, that he writes: ‘“ But now, 
by the foresight of the most painstaking of sovereigns, whatever had — 
been unlawfully drawn by the watermen, or had been wasted as the result — 
of official negligence, has been recovered ; this was practically equivalent — 
to the finding of new sources of supply.” i 


Leonardo da Vinci.—After the Greco-Roman period retrogression set 
in, and it was not until the Renaissance in the latter part of the 15th 
century that any real advance was made. 

Leonardo da Vinci is well known as a painter of outstanding merit, as 
instanced by the very few pictures or frescoes which have survived, such as 
“Mona Lisa” in the Louvre, and “‘ The Last Supper” in the church of 
Sta. Maria della Grazia, Milan. 

It is not so well known that he was undoubtedly the most versatile 
genius of whom the world has record, the founder of the sciences of geo- 
logy and botany, a great student of anatomy, being the first to make 
drawings from dissections of the human body, a distinguished military 
engineer, a great civil engineer in its widest sense, and the first who dealt 
with the possibility of flying in a practical manner. 

He left over 5,000 sheets of manuscript contained in notebooks illus- 
trated by numerous sketches, the script adopted being mirror-writing, 
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that is to say, in order to read his notes their reflexion in a mirror should be 
studied. It is on record that he was left-handed, but as he would probably 
have been burnt if written proof of some of his activities had fallen into 
the hands of the priests, it is quite possible that he adopted mirror-writing 
for the same reason as Pepys, who would have got into trouble if his 
wife had been able to read his diary. His notebooks are scattered all over 
Europe and we have in England about one-third of the total number, 
: fairly equally distributed between the Forster Library, South Kensington, 
the Royal Library at Windsor, and the British Museum, there being also 
some at Holkham Hall. It is only im the last 100 years or so that his note- 
books have been deciphered and understood, as his knowledge was several 
centuries too early. His activities were so wide that it is quite impossible 
to do more than mention a few of his remarkable discoveries. 

In military and naval enginering the “ mitrailleuse ” (Fig. 2, facing 
p. 16), the wire-wound built-up gun, and the submarine, may be men- 
tioned. With regard to the latter he wrote “. . . these I do not publish 
or reveal, on account of the evil nature of men, who would practise 
assassination at the bottom of the seas, by breaking the hulls of boats 
and wrecking them with all on board; while I tell about other means of 
submergence there is no danger from these because on the surface of the 
water there appears the mouth of the aspiration tube floating on skins or 
cork.” 

In civil engineering may be mentioned the wheelbarrow ; lock-gates 
for canals (Fig. 3, facing p. 16); the travelling bucket for transporting 
excavation and material; the beam type of suction-pump with double- 
acting valves; divers’ helmets with air-hose; roller bearings to reduce 

friction ; sprocket chains as used in the modern bicycle; an automatic 
file-cutting machine (F%g. 4, facing p. 16); lathes with automatic geared 
chucks (patented not so many years ago); a machine operated by a 
turbine of the pelton type for drawing trapezoidal bars for built-up 
cannon (Fig. 5); an automatic printing press ; a punching press ; screw- 
cutting lathes; rope-making machines; a needle-making machine ; 
spinning machines, Leonardo being the inventor of the “flyer” for 
twisting the yarn while winding the bobbin; the universal jot; the 
dynamometer ; a spring-driven automobile ; a friction fire-escape, such 
as was patented fairly recently ; and the pressure water-turbine. 
_ Perhaps the most interesting researches of all were those carried out 
in connexion with flying machines of the heavier-than-air type, the 
experiments being abandoned when his favourite mechanic was killed. 
- Before entering on this task he made a prolonged study of the supporting 
_ power of air and the flight of birds, and his machines endeavoured to imitate 
the movements of their wings as far as it was possible to do so. The 
operating power was that which could be supplied by the aviator, some- 
times aided by springs, who by an ingenious system of ropes and pulleys 
was able to control the movement of the wings (Fig. 6). The parachute 
Bs: also described and general dimensions are given for one which would 
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allow a safe landing to be made. A sketch of a helicopter (Fig. 7) is also 
to be found in the notebooks. 

Mr. John W. Lieb, who had made a study of the notebooks, presented 
an interesting Paper on Leonardo da Vinci at the annual meeting of the 
Franklin Institute in 1921*, from which much of the above information has 
been derived, and I am indebted to that Institute for permitting me to 
prepare illustrations of Leonardo’s sketches to show some of the machines 
mentioned above. 

In conclusion, I desire to thank those friends who have assisted me 
with references in the preparation of my Address, and particularly Mr. 
R. ©. S. Walters for the loan of his valuable manuscripts. 


Mr. S. B. Donkin, Past-President, moved :— 


“ That the best thanks of The Institution be accorded to the President 
for his Address, and that he be asked to permit it to be printed 
in the Journal of The Institution.” 


In putting that resolution to the Meeting, he would like to express his 
personal admiration for the fascinating historical record which the Presi- 
dent had given. It came to those who were dealing with modern problems 
as something really different, something which was of great interest to them, 
perhaps because it was not what they were dealing with every day. Of 
the stories which the President had told he hardly liked to single out one 
as better than another, but the story of Nonius Datus and the two tunnels 
which did not meet appealed to modern engineers, and it was interesting 
to know that contractors were held to make an honest living in those far-off 
times. What to himself had perhaps been the most interesting information 
was that in Rome, in the first century a.p., the inhabitants had consumed 
38 gallons of water per person per day. In his youth the consumption of 
Manchester had been rated at 4 gallons per person per day, aishongts it 
was a great deal more at the present time. 

Mr. J. S. WiLson, in seconding the motion, thought that es would 
be general agreement with what Mr. Donkin had said about the fascination 
of the Address, The President, like all good engineers, had a good deal 
of the archeologist in his make-up, and for that reason his Address con- 
tained some very interesting matter. 


: 


The resolution was carried by acclamation. 


The Prestpenr thanked the members very much indeed for the kind 


way in which they had received the Address. He hoped that it had not 
been too long. 


* “Leonardo da Vinci, Natural Philosopher and Engineer.” Journal Franklin 
Institute, vol. 191 (1921), p. 767; and vol. 192 (1921), p. 47. ; 
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MEDALS AND PREMIUMS. 


The PresipENt presented the Coopers’ Hill War Memorial Prize and 
the James Forrest Medal, and the awards for Session 1937-38 were 
announced as follows :— 


For Parers READ AND DiscussED AT ORDINARY MEETINGS. 


1. A Telford Premium to Sir George Lee, O.B.E., M.C., for his Paper on 
“ Recent Engineering Developments in the General Post Office.” 
2. A Telford Premium to M. G. J. McHaffie, M. Inst. C.E., for his Paper 
on “ Southampton Docks Extension.” 
3. A Telford Premium to W. C. Parker, A.M.I.E.E., and Hubert Clarke, 
A.M.I.Mech.E., jointly, for their Paper on ‘“‘ Fulham Base-Load 
Power-Station : Mechanical and Electrical Considerations.” 


_ 4, The Coopers’ Hill War Memorial Prize to William Hawthorne, B.E., 

M. Inst. C.E., and F. H. Williams, B.Sc. Tech., Assoc. M. Inst. C.E., 
jointly, for their Paper on “ The Galloway Hydro-Electric Develop- 
ment, with Special Reference to the Mechanical and Electrical 

; Plant.” 

_ 5. A Telford Premium to William Hudson, B.Sc. (Eng.), and J. K. Hunter, 

7 B.Sc. (Eng.), MM. Inst. C.E., jointly, for their Paper on “ The 
Galloway Hydro-EHlectric Development, with Special Reference to 
the Constructional Works.” 


_ 6. A Telford Premium to George Ellson,! 0.B.E., M. Inst. C.E., for his 
| Paper on “ Dover Train-Ferry Dock.” 


7. A Telford Premium to E. J. Buckton,? B.Sc. (Eng.), and H. J. Fereday,? 

MM. Inst. C.E., jointly, for their Paper on “ The Reconstruction of 
Chelsea Bridge.” 

8. A Trevithick Premium to R. G. Knight, M.C., M.C.E., M. Inst. C.E., 


for his Paper on “The Subsidence of a Rockfill Dam and the 
Remedial Measures Employed at Eildon Reservoir, Australia.” 


Bg A Manby Premium to H. J. Gough, M.B.E., D.Sc., F.R.S., and W. A. 
Wood, M.Sc., jointly, for their Paper on “ The Deformation and 
Fracture of Metals.” . 


__ 1 Has previously received a Telford Gold Medal and a Telford Premium. 
_ 2 Has previously received a Telford Premium and a Coopers’ Hill War Memorial 
Prize. +f 
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A Telford Premium to R. W. Mountain, B.Sc. (Eng.), M. Inst. C.E., 
for his Paper on “‘ The Galloway Hydro-Electric Development, with 
Special Reference to its Interconnexion with the Grid.” 


A Telford Premium to W. A. Tookey, M. Inst. C.E., for his Paper on 
“‘ Combustion-Efficiencies of Gas and Oil Engines.” 


A Telford Premium to F. C. Vokes,? B.Sc. (Eng.), Assoc. M. Inst. C.E., 
for his Paper on “The Design and Operation of the Coleshill 
Sewage-Disposal Works of the Birmingham Tame and Rea District 
Drainage Board.” 


A Telford Premium to Prof. A. H. Gibson,? D.Se., LL.D., M. Inst. C.E., 
for his Paper on “‘ An Experimental Investigation of the Effect of 
Bridge-Piers and Other Obstructions on the Tidal Levels in an 
Estuary.” 


A Telford Premium to J. F. Hay, M. Inst. C.E., for his Paper on 
“* Constructional Work of the Fulham Power-Station.” 


A Telford Premium to Frank Fancutt, F.I.C., A.M.I. Chem. E., for 
his Paper on “ The Work of the Paint Research Laboratory of the 
London Midland and Scottish Railway Company.” 


A Telford Premium to T. H. Seaton, M. Inst. C.E., for his Paper on 
“ Engineering Problems associated with Clay, with Special Reference 
to Clay Slips.” 


An Indian Premium to M. R. Atkins, C.B.E., B.Sc. (Eng.), and D. H. 
Remfry,* B. Eng., MM. Inst. C.E., jointly, for their Paper on “ The 
Reconstruction of Main Road Bridges, Calcutta.” 


For Parers PUBLISHED wirHOUT ORAL Discussion. 


A Telford Premium to Prof. F. C. Lea,’ 0.B.E., D.Sc. (Eng.), M. Inst. C. 
K., and J. G. Whitman, M. Eng., jointly, for their Paper on “ The 
Failure of Girders under Repeated Stresses.” 


A Telford Premium to C. F. Colebrook, Ph.D., B.Sc. (Eng.), Stud. 
Inst. C.E., and Asst. Prof. C. M. White, Ph.D., jointly, for their 
Paper on “ The Reduction of Carrying Capacity of Pipes with Age.” 


A Telford Premium to Herbert Addison,5 M.Sc., Assoc. M. Inst. C.E., 


for his Paper on “ Supplementary Notes on Flow Through Model 
Sluices.” 

1 Has previously received a Miller Prize, a Joule Medal, and a Forrest Medal. 

* Has previously received a Telford Premium. 

* Has previous received a Crampton Prize and a Telford Premium. 

“ Has previously received an Indian Premium and a Telford Premium. 

5 Has previously received a Telford Gold Medal. 
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4. A Telford Premium to Thomas Donkin, Assoc. M. Inst. C.E., for his 
Paper on “ The Effect of the Form of Cross-Section on the Capacity 
and Cost of Trunk Sewers.”’ 


5. A Trevithick Premium to G. C. Blofield, B.Sc. (Eng.), Assoc. M. Inst. 
C.E., for his Paper on “ The Reconstruction of the Mocoreté and 
Timboy Bridges, Argentine North-Eastern Railway.” 


6. A Crampton Prize to J. R. Daymond, M.Sc., Assoc. M. Inst. C.E., for 
: his Paper on “ The Estimation of Run-Off from Areas Subjected to 
Rainstorms.” 


7. A Crampton Prize to Serge Leliavsky for his Paper on “ Shearing 
» Stresses in Gravity Dams.”’ 


For Papers Reap at Srupents’ Meetines 1n LONDON AND BY 
STUDENTS BEFORE MEETINGS oF LocAL ASSOCIATIONS. 


1. The James Forrest Medal and a Miller Prize to John Hayes, B.Sc., 
Stud. Inst. C.E., for his Paper on “ The Strengthening and Recon- 
struction of Weak Bridges under the Road and Rail Traffic Act, 
1933.” 


2. A Miller Prize to I. S. Chisholm, B.Sc., Stud. Inst. C.E., for his Paper 
: on “ Leith Harbour and Docks. A Survey of Plant and Equip- 
ment.” 


3. A Miller Prize to A. R. Collins, B.Sc. (Eng.), Stud. Inst. C.E., for his 
Paper on “ The Workability of Concrete.” 


; 4, A Miller Prize to A. L. Arnold, Stud. Inst. C.E., for his Paper on “ Wales 
z and Recent Waterworks Practice.” 

F 
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; Be A Miller Prize to E. F. Humphries, B.Sc. (Eng.), Stud. Inst. C.E., for 
his Paper on “ Design, with Particular Reference to (a) King’s 
Cross Sewer Diversion ; (b) Sloane Square Station Reconstruction.” 


_ A Miller Prize to Jack Mercer, B.Sc., Stud. Inst. C.E., for his Paper on 
“The Application of Vibration to Concrete and Reinforced-Concrete 


Construction.” 


. A Miller Prize to J. M. P. Hooley, B.Sc. (Eng.), Stud. Inst. C.E. (now 
Assoc. M. Inst. 0.E.), for his Paper on “ The Construction of Welded 
Steel Gangways for the R.M.S. Queen Mary.” 
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Bayuiss PRIzEs. 


Bayliss Prizes awarded on the results of the October, 1937, and April, 938 
Examination, respectively, to Donald Kerridge, Stud. Inst. C.E., 
and E. C. Whitaker. ; ; 


CHARLES HAWKSLEY PRIZE. 


A Charles Hawksley Prize of £150 for 1938 to J. L. Matheson,! 1 
Assoc. M. Inst. C.E., for his design of a multi-storey public gar 


1 Has previously received a Miller Prize. 
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Paper No. 5127. 


“The Protection of Dams, Weirs, and Sluices against Scour.” 


By Rosert VALENTINE Burns, Ph.D., B.Sc., Assoc. M. Inst. C.E., 
and 
Assistant Professor Cepric Masry Wuitr, Ph.D., B.Sc. 


(Ordered by the Council to be published with written discussion.)1 
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INTRODUCTION. 


ee) re 


_ A SERIES of experimental studies carried out by the Authors since the end 
_ of 1933 bears closely upon problems of scour at dams, weirs, and sluices. 
_ The water from such structures is discharged at speeds usually well exceed- 
ing that which natural river-beds can withstand unless protected by some 
_ suitable device, the behaviour of which cannot satisfactorily be studied in 
; the field on full-size structures, for, even were money and time available, 
_ the difficulty of controlling the variables would so limit the range of the 
4 investigation that the results would be restricted to the particular project 
used for the experiments. The more fundamental questions concerning 
_ general principles of design can only be answered by experiments with small- 


scale models. 


Size or MopEts: SrMILariry. 

q In deciding upon the scale of such models two conflicting requirements 
have to be considered. Firstly, a model must be as nearly as possible 
like the structure it is to represent ; secondly, it must be so easy to manipu- 


_ 1 Correspondence on this Paper can be accepted until the 15th February, 1939, 
nd will be published in the Institution Journal for October 1939.—Suc. Inst. C.E. 
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late that the investigator can, without difficulty, alter any of the variables. 
From the latter point of view the best model would have dimensions of 
only a few inches, to permit easy access to all its parts and easy and rapid” 
control of upstream and downstream levels. In using too small a model, 
however, there are certain disadvantages which are explicable by reference 
to the fundamental laws of similarity. 

The theory of similarity is based on the conception that when two 
forces act in known directions, their resultant is inclined in a direction © 
depending upon their ratio. When fluid flows under the action of various 
forces, the direction of the stream at any point is decided by the direction — 
of the resultant of these forces, while the speed is determined by its magni- 
tude. A model is said to be similar to the prototype when the flow- — 
pattern in it is geometrically similar to that in the prototype; so that 
the directions of motion at corresponding points in the model and proto- 
type are the same. For this it is necessary that each separate force 
acting on the model shall bear the same relation to its neighbours as the 
corresponding one does in the prototype. In general it is quite impossible 
to design a model which satisfies exactly all the similarity requirements. 
Always, some force or other is out of proportion. Fortunately—and it 
cannot be overstressed, for the whole principle of models depends on this— 
when any particular force is negligibly small, there is no need to demand 
that it should be in its correct proportion; even if one of the more important 
forces in the model does, for some reason beyond control, differ from 
what it should be, then by deliberately upsetting the balance between the 
other forces, it may be possible to restore some resemblance to truly similar 
motion. 

In hydraulic models with movable beds the forces have their origin 
in the density, the surface-tension, and the viscosity of the fluid, and the 
density and the cohesion of the granular bed-material. 

The density of the fluid plays its part in the system of forces when and 
only when the fluid is accelerated or is acted on by gravity. In practically 
all hydraulic models the density of the water gives rise to the most import- 
ant forces. 

Surface-tension acts along the free surface where air and water meet, 
tending always to flatten out the surface, or, as in the case of air-bubbles, 
to equalize the curvature. With water, surface-tension forces are usually 
very small compared with forces due to density ; for example, in a small _ 
wave about 1 inch long the forces brought into play by surface-tension 
_ are definitely less than the weight of the water forming the wave. As 

the size of the wave is increased, surface-tension forces decrease, whereas 
the forces due to density increase, and surface-tension becomes negligible 
when the waves are 3 or 4 inches long. With waves less than 1 inch long — 
the reverse is true ; density forces then tend to become negligible compared 
with surface-tension forces. The two effects are equal in waves 2 inch 
long. In a model of a spillway-crest, surface-tension forces cannot be 
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ignored when the radius of the water-profile above the crest is reduced 
to the order of 1 inch. 

Viscosity gives rise to shear stresses tending to make adjacent filaments 
of fluid move at the same speed, or to bring fluid to rest when it is near a 
‘solid boundary. These viscous forces arise from the molecular diffusion 

of the fluid, and in comparison with the density forces become increasingly 
important as model-size is reduced. 

The density of the bed-material gives rise to the forces which hold 
individual grains in position on the bed. Further, once the grain has been 
dragged off the bed its subsequent motion is also controlled by its density ; 

if its density were the same as that of the fluid the particle would have 
exactly the same motion as the fluid. 

Cohesion between particles is due to molecular attractions so small as 
to be negligible compared with the weight of ordinary sand-grains. With 
very fine particles, however, such as those of clay, the weight of individual 
particles is so small that the cohesive attractions become paramount. The 
cohesive forces become important when the particle-diameter is of the 
order of zg5q inch, and so true-to-scale bed materials can seldom be used in 
very small models. 

There is no difficulty in arranging a model if four out of the five force- 
systems described above are negligibly small. With only one remaining 

system of forces, the motions must automatically be geometrically similar 

"provided the boundaries of the model are a true replica of those of the 
prototype. 

When two or more of the force-systems are involved, difficulties arise. 
For example, when density and viscosity act in combination, the ratio of 

the two stresses at any particular point is proportional to the Reynolds 
number, which in gravity-operated models takes the form pg*D#/y, in 

which D denotes the scale of the model and p and yp the density and 

viscosity respectively. It is apparent, therefore, that if the motions are 
to be strictly similar in model and prototype then, as D is reduced, the 
value of p/w must correspondingly be increased ; in short, the molecular 
structure of the water ought to be varied as the model-size is varied. 
Fortunately viscosity is seldom an important variable, and so the need to 
vary the structure of the water or to use a different fluid can be evaded. 

As mentioned earlier, the viscous forces arise from molecular diffusion. 

In problems of the type under discussion most of the motion is turbulent 
and the mixing due to this cause entirely overshadows that due to diffu- 
sion. This last statement, however, is not true of fluid lying close to 
smooth boundaries, which restrict turbulent mixing, leaving only molecular 

diffusion to resist the motion. 

When the boundary is rough, as in the case of a granular bed, tur- 
bulence can extend right up to the grains and even into the spaces between 
them. Viscosity can then be ignored even at the boundary itself, provided 
the roughness is sufficient to leave spaces in it sufficiently large for eddies 
a 

ee. 


i 
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to form. The condition that viscosity shall have negligible effects near a 
rough surface is, according to experiments with pipes 1, that the “ wall’ 
Reynolds Number 


prs! 10, a 


drag-stress on bed 
* "NA density of fluid 
and k denotes the diameter of the grains. 

In experiments on erodible beds, the drag-stress on the bed is of the 
same order as the force necessary to dislodge the grains, and this in its 
turn may be estimated from the angle of repose of the bed-material. 
Taking the latter to be 40 degrees and the density of the material to be. 
2-6 in air, and assuming that the grains are perfect spheres in contact, the 
drag-stress at which movement first occurs is 650k dynes per square 
centimetre2. Inserting this value in expression (1), the minimum grain 
size is found to be k,,j,=0-28 millimetre. 

In the experiments described later this size worked satisfactorily, and 
so did « smaller one, 0-23 millimetre diameter, but a still smaller one of 
0:15 millimetre diameter definitely failed, giving quite dissimilar bed- 
formations. It may be concluded that the above theoretical deduction 
—namely, that the sand should not be less than 0-28 millimetre in diameter 
—is sound ; although, should the need arise, it is just possible to use a 
somewhat smaller size without serious error. 

This throws an interesting light upon the practice adopted in some 
hydraulic laboratories of using in the model the same bed-material 
found in the prototype. The reason is that in the prototype the bed- 
material is so small that it only just complies with expression (1), and 
therefore a smaller material cannot be used in the model without intro- 
ducing troubles due to viscosity. If in the model the bed-material is’ 
chosen to comply with expression (1), then it is assured that viscosity does _ 
not seriously influence the results, but there is an exaggeration in the size 
of bed-material. In long models this exaggeration may be compensated 
by distorting the vertical scale. 

The models used in the present study are of structures already tall in 
relation to their lengths, and vertical exaggeration is unnecessary; it 
would, in fact, lead to other and more serious errors. 


where a 


EXPERIMENTAL EQUIPMENT. 
As a compromise between the inflexibility of too large a model and the 


1 C.F. Colebrook & C. M. White, “ Fluid Friction in Roughened Pipes.” Proc, 
Roy. Soe. (A), vol. 161 (1937), p. 367. 


* More recent work supports this value despite its apparent conflict with flume 
‘traction experiments. ys 
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possible inaccuracy of one too small, the model was made 21 inches high 
and had the cross section shown in Fig. 1. It was mounted, as shown to 
the rioht of Fia. 2 (facing v. 28). in a slass-sided flume. This flume, 
H., was 20 feet 
18 supplied by 
he flume being 
sable gate near 


Floor of flume 


Scale: 1 inch = 10 inches. 
Inches5 43210 5 10 inches 
{SS eS AT i 3 


SEcTION oF MopEL. 


the end of the flume regulated the downstream water-level. The discharge 
was measured in a calibrated measuring tank. The smaller model seen 
fo the left in Fig. 2 was only 4:2 inches high, and was constructed to 
verify that the results did not depend on the size of the model used. 
Fig. 3 (p. 28) gives the calibration-curve for the crests of the two models. 


: Brp-MareEria.. | ’ 
‘The bed-material used in these experiments acted essentially as an 
ndicator ; it had to indicate the efficacy of the protective device and had 
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to show by its movements the manner in which the protective devi 
operated. Out of a wide range of materials tested, standard Leighton | 
Buzzard sand, 0-036 inch diameter, had fewest defects. It was particularly 
clean, and the water remained clear enough for the bed-movements to be 
readily visible. The individual grains were large enough to be seen in- 
dividually, and yet were small enough to be picked up and carried down 

steam by the velocities attained in the 21-inch model. Certain other sands 
of smaller diameter satisfied these conditions equally well, but appreciable 


Fig. 3. 


SECONDS™'. 


1 
: FEET® 


Q/th% 


R,, denotes the mean crest radius, defined by a R + J 4 
rs « radius of upstream side of crest (= 2 in. ae model, s 
R ° » a» » downstream ,, wt CGA ge ” 4 y= 2%), 
b » width of flume, 
h « head above crest, 


® 


» discharge per unit time. 

DiscHarGE-CoEFFICIENT Or CREST AS FUNCTION OF Rm. | 
amounts were carried out of the flume, and the loss had to be made good 
before each new experiment. i 

This risk of loss showed how necessary it was to use a sand of uniform 
grain-size. During trials with mixed sands segregation usually occurred, 
a bigger proportion of the finer particles being lost. With mixed sands it 
would therefore be necessary to replace the whole of the bed before 
_ each experiment, otherwise the results might not be comparative, par- 

ticularly as the speed at which a bed reaches its final form depends on 
grain-size. With standard sand the loss was small and could always be 
made good by additions from stock. 

The question may be asked, “ What does this sand represent in the 
prototype?” Ifthe prototype is of the order of 100 feet in height, then 
the answer is 2-inch shingle, a size quite common in rivers. If the proto- 
type is smaller, the sand represents a small gravel, possibly smaller than 
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Fig. 18. 


RIVER-BED. 


ROTECTIVE TOE OPERATING SATISFACTORILY WITH MODERATELY 
HIGH TAILWATER. PHOTOGRAPH tN rani pr METHOD, WITH 3-INCH 
MODEL. 


Fig. 19. 


PROTECTIVE TOE OPERATING FAIRLY SATISFACTORILY WITH VERY 
LOW 'TAILWATER,. (9-INCH MODEL.) 
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tually found in the prototype. This is not objectionable, since the mech- 
nics of scour are such that stability of the bed is reached, not so much by 
dividual particles resisting the motion of the water, but rather by the 
stion of the bed as a whole, which is scoured until the stream of water is 
nable to follow closely along the bed. It is not the bed-material which 
fuses to move, but the water which refuses to follow the particular shape 
f the bottom of the scour-hole, so that the stable bed-form is much the 
me with different sizes of bed-materials. This is confirmed by two 
xperiments, using respectively standard sand 0-036 inch in diameter 


30 2s 20 10 


5 ° 
Scale: 1 inch = 16 inches 


1S 
INCHES, 


Tests with 21-in. model: head over crest 3:68 in. : 
flow 0-645 cusec per foot of crest: duration of test 6 hours, 


CoMPARISON BETWEEN Two Brp-MaTERIALS. 


ad Aylesford sands 0-012 inch in diameter approximately. The resulting 
nal bed-formations as seen in Fig. 4 are almost identical; in fact, if 
nything, there is less scour with the finer material. 


FREEDOM FROM SCALE-Errect: DuRATION oF TEST. 


_ During the experiments, the 21-inch model was compared with the 4-2- 
ch one to find whether scale influenced the results. The same sand, 
ylesford 0-01 inch, was used in both, but otherwise the boundaries in- 
uding head- and tail-waters were geometrically similar. The beds scoured 
; different rates, but the final forms were remarkably free from scale 
fects, and in Fig. 5 (p. 30) the discrepancies can only just be detected. 
\cidentally, these comparisons showed that the 4-2-inch model was almost 
o small for exploratory work. The stresses in it were insufficient to 
ove sands either smaller or larger than that used, and it was only the 
1e size that would move freely. Lighter materials such as coal or amber 
ight have overcome the difficulties but other troubles due to viscosity 
id surface tension would still remain to distort the motion. For example, 
ig. 3 shows that the 42-inch model is rather small from the point of view 
‘crest coefficient also. 

With both models the time required to establish a stable bed seriously 
stricted the scope of the work. In some cases final stability was in the 
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nature of a periodic sequence of recurring bed formations. More usually 
the bed close to the structure reached its final shape within the first 
few minutes, but the bed farther downstream took several hours. ' 
time depended also upon the size of sand. A series of bed-formations 


Fig. 5. 
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Tail-water depth above sill = 0:36 PR. where Pdenotes the height of crest above apron. 
1 we » apron = 0-45 P 
Head over crest =0175 P 
CoMPARISON BETWEEN Two Mopets, OnE Five Trwes THE HEIGHT OF THE 


OTHER. 


taken with standard sand at successive time-intervals were marked out on 
the glass sides of the flume. The run was then repeated with a finer san¢ 
in position, and the times noted at which the new bed had scoured down 
the successive profiles on the glass. As seen from Table I, the times were 
very closely in the ratio 6 to 1, whereas the diameters of the sands were it 


TasLE I.—CoMPARATIVE RATES oF Scour wirH Two Sanps: 21-r1noH MopeEt. 


Time: minutes. 
Depth of scour, |—#§$@$@$@$@@-$-__]_]—____________________| 
Final depth Coarse sand, Fine sand rn 

0-036 inch. 0°01 to 0°012 inch. ! 
iw ea; S 4 
—————— 

0-52 60 10* 6-0 
0-70 | 90 15* 6-0 

0-80 120 23* 5-2 

0-94 . 240 40 6-0 

1-0 . 300 to 720 Recorded at 60 — 


* These values were quite definite and to the nearest minute. 


the ratio 3-3 to 1. The time-scales for the two sands are therefore pro 
portional to k!, where k denotes the sand size ; and so the time ¢ for simila 
bed-movements in the same model is given by t/k!=constant. ; 

With regard to the influence of model-size upon time-scales, this doe 
not necessarily follow the square-root law applicable to geometrically 
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imilar systems. As seen above, sand-size exerts far greater control on the 
peed of bed-changes than does model-size. For geometrically similar 
10dels in which sand is truly to scale and viscosity unimportant, the times 
ar similar motions are given by ¢/D!—constant. 

. Thus, the beds of the two models should settle down to their final 
rms in the same number of hours, when the two sands have grain- 
iameters proportional to the size of the model raised to the power %. 
n the present case the 21-inch model was five times the size of the 4-2-inch 
ne, so that for equal time-scales the larger model should require sand 
‘9 times the size of that in the smaller one. As far as could be judged from 
he experiments, sands in the ratio of about 3-3 gave equal times in these 


Fig. 6. 
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21-in. model. Flow 0-645 cusec per foot. 
h/p=0175,  7/p=0-45, where 

h_ denotes head over crest, 

we height from apron to crest, 

x in depth of tail-water on apron. 


Bep-FoRMATIONS AFTER VARIOUS TiME-INTERVALS. 


vo models. A ratio of 4 to 1 was definitely too great, giving times in the 
rge model recorded as ‘‘ approximately twice ” those in the small model. 

The manner in which the general form of the bed changes with time 
shown in Fig. 6. By the end of the first $ hour the bed-profile from 
to B had become stable, but at C 5 hours was required. Fig. 7 (p. 32) 
lows the depth of scour at certain typical points, and the manner in which 
is varies with time ; the fine sand scours six times faster than the coarse. 

Returning to the main question, the best duration for a test depends 
on two conflicting needs : the tests should be short so that a large number 
alternatives can be studied, yet on the other hand, they must continue 
ng enough to disclose any defect in the action of the toe. The most 
1portant part of the bed is that near the toe, so in view of Fig. 6 it was 
cided to cut down the runs to 3 hour each, so that more of the other 
wwiables could be studied. 
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Fig. 7. 
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Tue Frat APRON AS A PROTECTIVE DEVICE. 


Of all the well-known designs probably the oldest is some form o; 
flooring forming a more or less horizontal apron extending completely 
over the river-bed, and covering the whole of the area to be protected. 
As an example, one of the Egyptian barrages 1 may be mentioned. He 
as down in Fig. 8, the flooring extended downstream for a distance almos 


Fig. 8. 
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Sunnar Dam: Scour at End or Lona Apron. 


twice the height of the structure, and even then there was serious troubl 
at the end. So long as the speed of the water leaving a horizontal apron 
exceeds the ordinary speed of the river, scour will occur no matter how lo: 
an apron is used. As the scour-hole increases in size the supportin 
material is removed from under the apron, part of which then breaks away. 
A new scour-hole is then made which in turn undermines the apron stil 
further, with ultimate danger to the dam itself. . 


1 A, D. D. Butcher and J. D, Atkinson, “The Causes and Prevention of Bed 
Erosion, with Special Reference to the Protection of Structures Controlling Rivers 
and Canals.” Minutes of Proceedings Inst. C.E., vol. 235 (1932-33, Part 1), p. 175. ad 
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Usually in the past when an apron end began to break and repairs had 
0 be undertaken, the opportunity was taken to lengthen the apron, in 
he vain hope that by so doing, the risk of scour at its end might be elimin- 
ted. Unfortunately, jets disperse very slowly, and some risk remains if 
he jet has not completely dispersed by the time it reaches the apron-end. 
Lecording to Professor A. H. Gibson’s experiments with flow through 
verging channels1, the angle of maximum divergence of the walls that 
he flow will follow is of the order of 10 degrees, and this corresponds to a 
istance equal to 6 times the expansion required. 

Thus, if the bed is to be protected directly by covering it up with an 
pron of resistant material, the apron would have to extend downstream at 
sast 6 times the tailwater depth, and even then some element of doubt 
aust remain, for in certain cases the divergence of a jet may be much 
sss than the figure quoted above. Dr. Walter Tollmien 2, for instance, 
nds that the divergence of a free jet may be as little as 1 degree. Recent 
mpublished work in the City and Guilds Laboratory has shown an average 
ivergence of the order of 4 degrees in models of river-weir type. 

The maximum possible divergence attainable under such conditions 
ppears to take place when the downstream depth is such that the momen- 
um of the jet is just balanced, and the “ hydraulic jump ”’ occurs. 

K. Safranez3 gives the following general formula for the length 
, of the jump required for the jet to diverge to tailwater dimensions :— 


E35(%)' 4 
Zou (peter epeener st 7 


Where ° fo denotes ae et -thickness before jump, 
H f : for the jet. 


‘his formula, and in fact most other similar ones in connexion with weir 
henomena, can be linked up with the character of the river-bed in the 
ollowing manner. Mr. Gerald Lacey, M. Inst. C.E., has pe out 4 


hat rivers and canals, when just stable, obey the law -==B, where 


Vil 
’ denotes the mean velocity, and R the hydraulic mean depth of the river. 
m the basis of Mr. Lacey’s data, the value of f for a typical Indian allu- 


ium is 0-2. 


1 On the Flow of Water through Pipes, and Passages having Converging or 
iiverging Boundaries.” Proc. Roy. Soc., (A), vol. lxxxiii (1910), p. 366 ; and Trans. 
soy. Soc. Edinburgh, vol. xlviii (1911), p. 97. 
2 “Calculation of Turbulent Spreading Flow.” Zeitschrift fir Mathematik und 
fechantk, vol. 6 (1926), p. 468. 
_ 8 “Untersuchungen ueber den Wechselsprung.” Bawingenieur, vol. 10 (1929), 
649, 668. 
F 4 Uniform Flow in Alluvial Rivers and Canals.’ Minutes of Proceedings 
ast. C.E., vol. 237 (1933-34, Part 1), p.421. Lacey’s silt-factor, f, is the same as the 
yuare of the Boussinesq number, f, except for a multiplying constant. 
3 
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Using this value, and bearing in mind the definition of 8 above, equi - 
tion (2) can be written as :— 


L H\t 
7-21(7) 


(where 7', the downstream depth, is assumed to be equal to R). This 
equation will be found to give results comparable to the larger angles of 
divergence mentioned earlier, and it is doubtful whether under the influence 
of ordinary turbulence a jet could be made to diverge to tailwater dimen 
sions in a length less than that given by it. 
Whether the numerical values above are exact or not, they all combine 
to show that, except in mountainous regions where f is great, or for ver 
small projects where apron-costs may be unimportant, flat aprons must b 
prohibitively long if they are to be free from risk of scour. Even for small 
projects, they are only feasible on the assumption that the jet diverge 
relatively rapidly, in short, on the assumption that the jump is going to 
occur near the structure. Actually, when the river-bed and apron art 
nearly horizontal, the location of the jump is extremely critical, and there 
can be no certainty that it will occur anywhere near where it was intended 
If the flow is greater or the river-depth less than that necessary for the 
formation of the hydraulic jump, then the jump moves downstream until 
a position of equilibrium is reached. In fact, if the apron is horizontal, 
and frictional forces small, the jump will move off the apron and thw 
expose the river-bed to the full action of the jet. 
High tail-water and small flows lead to unbalanced faces in the othe 
direction, and the jump travels upstream until halted by the dam, the solid 
surfaces of which restrict the motion in the roller and so spoil its dissipating 
properties. 
The bed-forms and scour associated with such a series of phenomena are 
shown in Figs. 9. In Figs. 9 (a) the tailwater was less than that necessary 
to hold the jump on the apron, so that shooting flow still persisted at the 
apron end and the bed was badly eroded. In Figs. 9 (b) the tailwater 
depth approximated to that necessary for the jump. Some scour occurred 
due to the shortness of the apron, which on the basis of equation (2) should 
have been almost twice as long. In Figs. 9 (c) and 9 (d) the tailwater was 
higher, so that the jump was drowned out, and the jet reached the apron- 
end with more than three-quarters of its maximum velocity, scouring 
away the bed as illustrated. 
These experiments, and many others, confirmed beyond question tha 
the apron-lengths given by equation (2) are not sufficient unless the jum 
occurs, and even when it does they offer only a small margin of safety, 
and so the method of direct protection must be discarded as impracticable. 
Indirect methods of protection are grouped into either energy-dissipa- 
tors, or flow-deflectors. | 
Energy-dissipators usually take the form of artificial roughness formed 
; 
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Figs. 9. 
(a) 


Standard sand 0-036 in. dia. 


fi DISTANCES FROM APRON END. 
1:33P 1-14P O-95P O-76P O-57P 0-38P O-19P ie} 


(ad) 


ae + OP =, =0067 


Original bedy, End of apron 


eee — — —fto— 


a denotes the height of crest above apron = zr incnes———~ — 
a » head over crest = 1:6 inch 
E is . depth of tail-water above apron (varies) 
Apron length = 0:23P 
eer AaIsON or Brp-FoRMATION WITH DIFFERENT TAILWATER-DEPTHS: PLAIN 


HorizontaL APRON. 


y a series of steps or piers built on the face of the dam and on the apron. 
everal such devices were tested, but none gave sufficient reduction of 
nergy 1, unless elaborated beyond practical limits. 


4 


1 This was in 1935. Since then unanticipated advances have completely altered 
le outlook, 
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PrRoTEcTIVE Sitts: METHOD OF OPERATION. 


The results with deflectors were far more promising, almost all givi 
some protection. All, however, failed when their dimensions were 


Figs. 10. 
SCALE. SCALE, 
Oo O-1P0:-2P0-3P0-4P © O-1P0-2P0-3P0-4P 
SE ee eee | es eee aes ee 
bee 
ease . 
Plain horizontal apron 3-degree slope 
[" ad 
mee : 
Stepped sil! 6-degree slope 
Ee 
Oo 
Rehbock sill 12$-degree slope 
IP 
‘3 F 
o 
Rectangular lip wall 17-degree slope 
[= 
° 
Egyptian lip wall 20-degree slope 
te 
oO 
Toothed sill, 20 degrees 22-degree slope 
Co 
oo 
Toothed sill, 22 degrees *  244-degree slope 
er 
re] 
Toothed sill, 24¢ degrees 26}-degree slope 
[a - 
°o 
Toothed sill, 264 degrees 344-degree slope 


Scale: 1 inch = 10 inches. 
Inches § 4 3 2 1 9 § inches 


bee 
ie] 
Three different hinged sills 
Various Prorectivk Tors USED IN THE EXPERIMENTS. 


reduced, though some showed this defect much less than others. The 
problem finally resolved itself into one of finding the smallest possible 
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pron and deflector compatible with effective protection, the aim being 
30 Minimize both first cost and maintenance. 

The nineteen deflectors shown on Figs. 10 were tested, although with so 
many different types it was not considered practical to build each in a 
uumber of sizes to see to what extent that particular model could be 
afely reduced. The reverse procedure was therefore adopted ; that is, 
he flow was increased up to and beyond the point at which failure occurred. 
Phe tailwater-level also was varied. Each deflector was in this manner 
ested to its failing point just as surely as it would have been had its size 
een reduced. The flows were varied from 0-2 cusec to 2 cusecs 5 

During the experiment it was apparent that all the deflectors operated 
m the same principle. In every case the jet flowed over the obstruction 
rithout any appreciable loss of energy. The action of the obstruction 
fas to generate reverse pressure-gradients, which, acting on the boundary- 
ayer, caused the jet to separate from the apron and to bend upwards, 
saving a dead-water region (A) adjacent to the river-bed at the end of the 
pron, as shown in Fig. 4 (p. 29). The jet in passing above this dead-water 
gion mixed with and entrained some of the water, dragging it forward, 
9 producing a backward flow near the bed as shown at (B), Fig. 4 *. 

Thevelocities in the dead-water region, while being small compared with 
1at of the jet, are nevertheless great enough to move some of the bed 
aterial upstream towards the end of the apron, tending in this way to 
rotect the apron-foundation, though with some of the designs the dead- 
ater motion was dangerously vigorous. 


Tue Stmpte Siopine SIL. 


The nine simple deflectors seen to the right of Figs. 10 were tested to find 
hether the complications introduced in the others served any useful pur- 
se. At first the results were inconclusive, since although for every tail- 
ater depth, one, at least, of them was better than the best of all the more 
mplicated designs, yet it was not always the same one. An angle which 
ited one flow and tailwater-depth was not always the best for another. 

The immediate effect of changes in the angle was observed by experi- 
ents with a model made with a hinged sill, Figs. 10, which could be tilted 
uile the model was running. As the angle was decreased a point was 
ached where the jet changed its direction and clung to the bed, scouring 
e latter away rapidly. When the angle was increased again the original 
otion as indicated in Fig. 4 was re-established, but not until a much 
eater angle was reached. Within a few minutes the scour-hole refilled 
th bed-material from farther downstream. 


+ The smaller model tested under similar conditions worked satisfactorily with a 
w as little as 0-008 cusec. 

* Dr. T. Rehbock appears to have described similar motions as long ago as 1912 3 
Minutes of Proceedings Inst. C.E., vol. 235 (1932-33, Part 1), p. 256. ~ 
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These two angles, the lesser at which scour began, and the greater at 


which scour ceased, describe the action of a sill. The optimum angle 
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SILL-ANGLE: DEGREES. 
Curve A, angle to start scour. h/p = 0-175. 
o' ot « ae a Length of sill = 0-124 P 
» C, « for quietest bed. « « apron =06P 
21-in. model 


Smt-ANGLES NECESSARY FOR VARIOUS TAILWATER-DEPTHS, 


judged by the tranquillity of the bed was much less definite : usually bein 
some 5 degrees greater than the larger of the two characteristic angles 
mentioned above. 


INFLUENCE oF TAILWATER-DEPTH. 


Fig. 11 shows the manner in which these characteristic angles vary as 
the tailwater-depth is changed. Here the ordinate is the tailwater-depth 
expressed as a fraction of the height of the structure, and the abscissa i 
the angle of the sill in degrees. It will be seen from curve B that with 
a tailwater-height equal to P, erosion can occur if the angle of slope i 
less than 45 degrees. With lower tailwaters the necessary angle decreases, 
and falls to a minimum of 7 degrees when the tailwater has been reduced 
_ to 03 P. Then, with still lower tailwaters, the curve bends back upon 
itself, and greater angles are required. F 

The change of shape of the curve O corresponds to a change of stage. 
The tailwater-depth is then only just sufficient to hold the jump on the 
apron. With lower tailwaters shooting flow occurs, and the jump is 
pushed. Ri 


In Fig. 11 the angle at which erosion began when the sill was slowly 
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owered is plotted as curve A. Curve B gives the angle when erosion 
topped ; curve C is for the quietest bed, while curve D gives the limit 
yond which further increase of angle caused appreciable disturbance of 
ag bed, in some cases very bad scour. 


DIscHARGE, APRON-LENGTH AND Si1-Sizr. 


In general appearance the curves shown in Fig. 11 are typical of 
hose with other flows; in fact, the upper part of curve ( was found to 
pply over the whole range, and only the lower part changed. The results 


OPTIMUM Brit ree eee 
21-in. model. Length of sill013R Length of apron 06P. 
CoMPARISON OF RESULTS WITH FIvE DIFFERENT DISCHARGES. 


f tests with five different flows are shown superimposed in Fig. 12, which 
plotted in the same manner as Fig. 11, although to avoid confusion 
aly curve C for the optimum angle is shown, test-points and curves such 
; A and B being omitted. 

While F7g. 12 outlines the hepiadente of slope upon tailwater and 
aantity of flow, it leaves in doubt the possible effect of apron-length 
id size of sill. The apron was 0-6P long, but this seems unduly generous 
; experiments with a shorter one, 0-23P long, gave almost identical results 
ig. 13, p. 40) and this was with a very large flow, the ratio h/P being 0-3 ; 
at is, the height over the crest was nearly one-third of the height of the 
m. Other tests with smaller flows confirmed that the shorter apron 
aS sufficient. 
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Fig. 13. 
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SILL-ANGLE: DEGREES. 
21-in. model. Flow'1-72 cusec per foot. h/p= 0-312. Short sill, 00712 
' COMPARISON BETWEEN Two APRONS oF LENGTHS 0-6P anv 0-23P 
RESPECTIVELY. 


lengths were 0-071P and 0-019P respectively are compared in Fig. 14, fro 
which it is seen that as the length of the sill is reduced its angle must 

increased. For example, with 7=0-543P and h:0-334P, the angle f 
the shortest sill is 33 degrees, as compared with 23 degrees for the longe 
sill; and this result is quite typical of those found with other tailwate 


Fig. 14. 


50 
OPTIMUM SILL- ANOLE: DEGREES. 
21-in, model. Apron 0:23P long. Longer apron (0.6 P) gave same curves. 
COMPARISON BETWEEN Two SILLS oF Dirrerent LEeNaras, — 
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epths and flows, the differences becoming more marked with the deeper 
vilwaters. 

All three sills appeared to deflect the stream, but the shorter ones 
xerted less control and so had ta he tirnad wn thranch amantom ongles to 
. 41 (November), line 5 ; for final read same iad tes 
CUIUIUNaAL VCU-UISUULVALICeS OF tHe type associated with region D, Fig. 11 ; 
nd in the extreme case when the tailwater reached the crest-level this 
ll had to be turned into the vertical position, thus becoming nothing 
1ore than a rectangular lip-wall with all its defects. 

With regard to the other two, it seems that the slightly better perform- 
nce of the longest sill would hardly justify its greater cost, since the inter- 
iediate arc of length S=0-124P acted well. 

Its results have already been given in F7g. 12, which covers the whole 
xperimental range of flows and tailwater-depths. At low tailwater-depths 
sparate curves are obtained for each different flow, so that the optimum 
ngle depends both upon flow and tailwater-depth. With increasing 
epth of tailwater, however, the curves all coalesce, showing that the 
squired angle is then independent of the flow, and is determined only by 
he tailwater-depth, greater depths requiring greater angles. 

The range of variables covered in Fig. 12 is large enough to embrace 
Imost all projects of a spillway or sluice-gate nature. When the upstream 
nd downstream water-levels are known, the ratios h/P and 7/P or their 
guivalents are determined, and the corresponding sill-angle can be obtained 
irectly. 


CoMPARISON BETWEEN Various SILLS. 


_ If judged by the observed longitudinal sections of the beds, sills designed 
1 accordance with Fig. 12 compete quite favourably with all the others. 
f the older designs, two gave quite satisfactory results, namely, Rehbock’s 
entated sill and the Osage stepped sill. In Figs. 15 (p. 42) three curves are 
iven, one for the Rehbock sill designed in accordance with the Rehbock 
srmulas of March 9, 1932, and the other two for sloping sills with angles in 
ecordance with Fig. 14. The shorter of these sills had dimensions approxi- 
ating closely to those of the Rehbock sill, and the comparison is per- 
etly fair. The longer sloping sill is included for comparison with the shorter 
ne. The most striking feature of the bed-formations shown in Figs. 15 is 
he similarity between the three bed-profiles at any one tailwater-level 
xcept the greatest. In general the Rehbock sill gave a slightly lower bed, 
nd definitely so with the highest tailwater, though the apron-end was 
ever actually exposed. So, set at its optimum angle, the simple sill is 
etter than Rehbock’s, and the latter is usually regarded as one of the best. 

The second comparison, between the Osage stepped sill and the largest 
oping sill, is shown in Figs. 16 (p. 43). The sloping sill actually projected 
eyond the apron-end ; to some extent this may favour the sloping sill, but 
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Scale: 1 inch = 10 inches. 


Inches 5 4 3 2 i 9 p inches 
O——0———® _ Sloping sill, s = 0-19P, set at optimum angle 
——-_——_o eee eee “ 


Oo———_O——C. Reehbock sill in accordance with formulas of March, 1932 


8 denotes the length of sill in direction of flow 
P » height of crest above apron = 21 inches He 0175; F varies 


Yr va » tail-water depth ,, ” 
MON » head over crest : 
ComPaRIsON OF Brp-Prories WITH THREE DiFFERENT SILLS, . 


other tests (see Figs. 17, p. 44) made with fixed sloping sills fastened in th 
same position as the stepped sill showed that the comparison was not unfai 
tothe stepped sill. Here, again, the bed-formations obtained with the sloping 
sill compare favourably with those for the more complicated stepped sill 
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DISTANCES. 


12P 1-0P O0-8P O-6P 0O-4P 0-2P 


Pot. mie nthe : 


Beri tet ole 282 EO Slandard sand 0096 in. dia,” se se 
Scale: 1 inch =10 inches, 


Inches 5 4 3 2 1 0 5 inches 
oO —0— 9 Sloping sill, s=0:19P, set at optimum angle 

Q—_o—_——_-9 ea 1 STOP wn rf 
O———_0——_© Stepped sill as used for Osage ae U.S.A., 1931 

s denotes the length of sill in direction of flow h T 

" .. height of crest above apron = 21 inches Pp =0:175; -pvaries 
4a » tail-water depth ,, 4 
{dont » head over crest 


CoMPARISON OF Brp-PROFILES WITH THREE DIFFERENT SILLS. 


pecially with the deepest tailwater. It must be emphasized, however, that 
e sloping sill has been designed to suit each particular tailwater-level. 
in a particular project it were necessary to cater for large fluctuations of — 
ilwater-level, such as occur in certain tidal rivers, the comparison would 


44 BURNS AND WHITE ON THE PROTECTION OF DAMS, 


have to be made on the basis of a sill having an angle selected as a co 
promise. The danger in using too large an angle is far greater than t 


Figs. 17. 


DISTANCES. 
O-6P 


1-2P 1-OP 0-8P O-4P O-2P ° 


o-—_o"""_° 
124-degree sill 264-degree sill 
o——o—_——__0 o—____+#—_____ 
20-degree sill 341-degree sill 
Scale: 1 inch = 10 inches. 
Inches i) 4 3 g j 9 5 inches 
P denotes height of structure from apron to crest B = 0-205, 
ba tail-water depth on apron ; 
nh ~~ head over crest $ aos 


Comparison OF Bep Prorites with Four Dirrerent SLopPrna SILLS. 


risk in using one too small (see Figs. 17, where bad scour occurs with ste ' 
sills, when 7/P—0-45), so the best compromise is struck by adding only 
a very few degrees as safety margin; and if the sill has to cope with 2 
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ide range of flows and depths the best angle seems to be 20 degrees. 
Vhen tested this also was as good as Rehbock’s, whilst it had the advantage 
f being free from constructional irregularities likely to require maintenance. 


APPLICATION OF THE DATA TO OTHER PROJECTS. 


That the model was shaped like a spillway-dam in no way restricts 
ie final results to such structures. The spillway was merely selected 
3 a convenient way of producing a high-speed jet. The velocity on 
ye apron would have been much the same had the water been discharged 
irough a sluice, the only difference being that in the latter case there 
a vertical wall facing the downstream water, so tending to restrict the 
ngth of the surface roller. Accordingly, to control the motion a some- 
hat longer apron would be required ; excess length, however, weakens 
1e control. 

With deep tailwaters the jet is turned up as illustrated in Fig. 18 
acing p. 29), and it appears that this type of flow-pattern can be obtained 
hen the apron-length is less than the tailwater-depth ; in fact, during 
le experiments the length of the apron was in some cases as little as 
1e-third of the tailwater-depth. 

With lower tailwaters, when the depth approximates to that required 
r the jump as given by 

tek (where T denotes the downstream depth 
T=i(2 ea 5-3) 
‘. a ee) 


to s 5, Jet thickness 
H - » Jet's kinetic energy 
v2/29) 


one of its equivalent forms!, the apron-length becomes more important. 
ll the tests showed that an apron-length given by :— 


L=155 (toH)t 


ould then effectively protect the bed provided the sill was suitable. 
owever, the conditions necessary for the jump are so critical, and the 
sk of it being pushed downstream so great, that the more logical basis 
‘design is to place the apron at a low level, so that the depth on it well 
ceeds that required for the jump. The apron and sill can then be 
signed on the basis of a moderately high tailwater. 

_ Often, in mountainous districts, the rivers slope so steeply that their 
ww is of the torrent type, and it would be difficult to place an apron low 
ough to prevent the jet sweeping unchecked over it. However, in this 
se also, as Fig. 19 (facing p. 29) shows, protection can be effected by 
using the jet to jump clear of the structure as far as possible. A bad 


1 Dr. T. Rehbock (XVI International Navigation Congress, p. 207 (1935)), gives : 


ormula which can be written as :— 
E T = ty (2V H]ky — 0-35), valid when 1:2 < T/ty < 30. 


46 BURNS AND WHITE ON PROTECTION OF DAMS, ETO,, AGAINST SCOUR 


scour-hole must be expected, but it will be far enough away to avoi 
danger. All the original energy of the jet should be conserved to increas 
the range of the jet: piers or unnecessary roughness on the face of th 
dam can only act adversely. An angle of 20 degrees worked well and mu 
not be exceeded if there is any risk of the tailwater rising and reaching th 


distance when the angle is approximately 45 degrees, but the scour-holei 
deeper than with 35 degrees. 
Whatever the tailwater-depth, the importance of placing the apro 
well below the river-bed cannot be stressed too highly, particularly as ther 
is always the possibility of the river altering its bed-level in course of 
owing to changes in regime resulting from the addition of storage-capacity 
For example, the fact that silt settles in the reservoir leads to clear wate 
being discharged. This water picks up a new charge of silt below th 
structure, thus denuding the river bed. Again, flood-conditions may ari 
when the reservoir is not quite full. While the level is rising in 
reservoir the downstream water-level may still remain low, and when th 
spillway comes into operation the river may have to cope with full floc 
discharge before it has had time to rise to its normal flood-level. 
All the experiments show that, provided the apron is sufficient! 
low and is equipped with a well-chosen sill, scour can be reduced to ¢ 
unimportant amount or even eliminated entirely, unless swirls in a hor 
zontal plane (that is, about a vertical axis) are set up, as they almot 
certainly will be if the structure is badly arranged in plan. The control 
such motions in the horizontal plane involves wing-walls and other trainin 
works outside the scope of the present Paper, which assumes that effecti 
wing-walls are used. If possible, the jet as it passes over the sill shou 
extend as an unbroken sheet from wing-wall to wing-wall, the locatia 
of which concerns the arrangement of the project in plan, and so need 
individual consideration for each project: but these are matters fi 
discussion in the laboratory during the model-tests nowadays considere 
essential in the design of any project of importance. 


The investigation was carried out in the Civil Engineering Laboratorie 
of the Imperial College of Science and Technology, and the thanks of th 
Authors are due to the Clothworkers Company, whose research gran 
provided the apparatus. 


The Paper is accompanied by fourteen sheets of drawings and th ‘ 
photographs, from some of which the Figures in the text and the half-tor 
page-plate have been prepared, 
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“An Aerial Survey of the Estuary of the River Dee, Employing 
a Simple Method of Rectifying Oblique Photographs.” 
By James Louis Matueson, M.Sc., Assoc. M. Inst. C.E. 
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INTRODUCTION. 


HE technique of aerial surveying has so far improved in recent years that 
; reliability and convenience are now well-established. It has found 
ticular application in the topographical survey of difficult country and 
districts scheduled for development, and also in the revision of maps of 
pidly-changing areas. 

Although aerial surveying compares very favourably with ordinary 
ethods as regards expense, it is nevertheless a costly process, particularly 
1en only a small area is under consideration. 

‘In connexion with an investigation of the estuary of the river Dee, 
was realized that, owing to the instability of the banks and channels, 
e available charts were quite unreliable. The revision of these charts 
‘the ordinary methods of land and hydrographic surveying would have 
ken too long, as the information was urgently required, and also because 
> channel in this estuary has been known to move 2 miles in a week. 
e cost of an aerial survey was found to be prohibitive. Accordingly, it 
s decided to compromise by having a number of oblique photographs 
cen from an aeroplane and to endeavour to produce from these a plan 


Correspondence on this Paper can be accepted until the 15th February, 1939, - 
1 will be published in the Institution Journal for October, 1939.—Snrc. Inst. C.E. 
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sufficiently accurate for the purpose, but without attempting the ace 
of a proper aerial survey. 


PROCEDURE IN THE FIELD. 


The photographs which were used in this work were taken at low wa 
ordinary spring tides. The method of rectification described below hac 
not at that time been developed, and of the twenty-four photographs ta 
only three were found to include the necessary ground control-points. 

About 50 square miles of the estuary were under consideration, 
area extending from Connah’s Quay to an imaginary line joining Most; 
and Hilbre island. . 

The three photographs actually used in the preparation of the plar 
were taken from a height of 8,000 feet with a 5-inch by 4-inch cam 
having a lens of 8} inches focal length. The camera was held at such 
angle that the whole of the estuary was included in each view. 


PRINCIPLE. 


An oblique photograph may be rectified by projecting its image ¢ 
to a screen which can be tilted until the images of four control-poi 
correspond with their true positions on plan as marked on the sc 
The practical application of this principle is complicated, in the case 
very oblique views, by the difficulty of producing a sharp image over t 
whole of a steeply-inclined screen. It is also almost impossible in practi 
to ensure the exact coincidence of all the control-points without son 
mechanical indication of the direction of tilt required to produce su 
alignment. 

Some of the photographs of the river Dee (such as Fig. 1) were tak 
with the camera held at an angle of as little as 5 degrees to the horizon 
so that the operations of focussing and aligning were particularly difficul 
but even these photographs were successfully rectified with the aid of the 
apparatus described below. 


APPARATUS. 


Careful comparison of the photograph and the 1-inch scale Ordnan 

Survey map of the district enabled certain salient points on the coast-lin 
to be identified on both. A lantern-slide was made from the origin: 

negative, together with a brass control-plate of exactly the same size 
having four small holes drilled in it corresponding to the positions m 
the salient points on the lantern-slide. The scale of reduction from th 
negative to the lantern-plate was approximately 4:3. Owing to th 
inaccuracy introduced by the preparation of the brass control-plate, 
smaller reduction, or even an enlargement, would have been preferable. — 


Fig. 1. 


= ‘ 


TYPICAL AERIAL PHOTOGRAPH, LOOKING SOUTH-EAST UP THE DEE 
ESTUARY. 


Fig. 2. 


ee 


1. Vertical screen of perforated zinc: 2. Tell-tale lamp: 3. Frame with brass control- 
plate in place: 4. Pinhole eyepiece: 5. Fine copper wire. 


Fig. 3. 


1. Threads ready for aligning. 


(57. 


Fig. 4. 


{. Aligning-board with pointed screwed rods: 2. Adjustable support for aligning-board. 


Fig. 5. 


1. Tracing-sheet: 2. Adjustable stands for tracing-sheet : 3. Lantern-slide replacing 
brass control-plate. 


Fig. 6. 
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A viewing-frame was constructed, consisting of a pin-hole eyepiece 
id a clamp for holding the brass control-plate. It was found that, within 
e limits of experimental error, the distance between the eyepiece and the 
ntern-slide should be the focal length of the camera lens reduced in the 
me proportion as was the lantern-slide from the original negative. 

‘The tracing-sheet consisted of a sheet of cartridge-paper stretched 
ghtly over a wooden frame, which could be moved or tilted as required. 
his sheet had marked upon it the positions in plan of the four control- 
ints to a scale of 14 inch to 1 mile. This unusual scale was chosen 
cause it brought the tracing-sheet to a convenient distance from the 
ntern-slide. 

An aligning-board was constructed, from which projected four pointed 
rewed rods. These rods could be adjusted so that their tips also corre- 
onded with the positions in plan of the four salient points. 

A large vertical screen, consisting of a sheet of perforated zinc, was 
ranged at the end of the table on which the work was carried out. 


PROCEDURE IN THE OFFICE. 


Four points were obtained on the vertical screen such that each of 
em was in line with the eyepiece and with one of the holes on the brass 
ntrol-plate. This was done by stretching a fine copper wire through 
e eyepiece, one hole on the control-plate, and the estimated hole in the 
rtical screen. If the latter were the correct position, then the copper 
re would pass through the hole in the control-plate without actually 
uching the metal; an electrical circuit was broken and a tell-tale light 
nt out (F1g. 2). 

Four threads were now stretched through the eyepiece, the holes in 
e control-plate, and the corresponding holes in the vertical screen 
1g. 3). 

“The aligning board, which was supported so that its position could be 
sily adjusted, was moved until each of the tips of the four screwed rods 
st touched its corresponding thread (F1g. 4). 

At this stage the threads were removed without disturbing the aligning 
ard, the lantern-plate was substituted for the brass control-plate, and 
» tracing-sheet brought into such a position that its four control-points 
+ touched the corresponding tips of the screwed rods on the aligning- 
ard. ‘The latter was then removed (Fig. 5). The operation had to be 
ried out with great care in order to avoid disturbing the aligning-board, 
J the adjustable stands shown at “‘ 2” on Fig. 5 were devised to enable 
s to be done more easily. 

The final adjustments were made by observing through the pinhole 
ypiece and moving the tracing-sheet until its control-points appeared _ 
be exactly behind those on the lantern plate. The sandbanks were 
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then drawn on to the tracing-sheet by marking their positions as obse1 
on the lantern-plate through the eyepiece (Fig. 6). 

As a check on the plan obtained from one photograph, the work vy 
repeated with lantern-slides obtained from photographs of the estuam 
taken from different positions of the aeroplane, with the camera held 
different angles to the horizontal, and using different control-points for the 
subsequent rectification. A tracing was made embodying these differen 
versions, which were found to be in good agreement with each other. 

The final map (shown to a reduced scale in Fig. 7) was prepared by 
weighting the reliability to be placed on each of the plans according to th 
satisfactory nature, or otherwise, of the control-points used for that plai 
At this stage it would have been convenient to convert the map to 


Fig. 7. 
Scale: 1 inch =4 miles. 
Mile) § O 1 2 ; miles 


Connah's 
Quay 


different scale, by pantograph or other means, but the purpose for whiel 
it was required enabled the scale of 1} inch to 1 mile to be retained. 

An extension of this work is contemplated to enable the levels of th 
sandbanks to be determined. By taking photographs at various stage 
of the tide, and preparing from them, by the above method, a char 
showing the water-lines corresponding to successive water-levels, it wil 
be possible to construct a contoured map of the estuary. The necessary 
correlation of the water-levels to Ordnance datum can be made by obser 
vations at suitable tide-gauges. 


ADVANTAGES AND LIMITATIONS OF THE MeTuHop. 


The method possesses several marked advantages over an aerial surv 
carried out by normal methods. No special equipment is required in th 
field, and the rectifying apparatus can be easily and cheaply constructe 
The cost is accordingly only a fraction of that involved when a specially 
equipped aeroplane is used. Only a few photographs are required, instea 
of the very much larger number necessary for the preparation of a mosai 
map, which might not be easily obtainable in the case of a tidal estua 
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there the water-level is changing. These advantages make the method 
articularly suitable for the preparation of progress-plans showing, for 
stance, the changes in a navigation-channel. 

On the other hand, the method is only suitable for level country where 
he control-points are approximately co-planar. If this condition is not 
atisfied, a complication is introduced by the apparent displacement in 
lan of one or more of the points due to the parallax produced by an 
blique view. 


Cost AND Time TAKEN. 


The photographs were obtained in June 1937, when low water springs 
ceurred at a suitable time of day. Owing to the bad weather conditions 
btaining on the day of exact spring tides, the work had to be postponed 
ill the following day, when all the photographs were obtained during a 
ight of about 1 hour. 

The cost of the field-work, including the hire of an aeroplane and the 
rocessing of the photographs, was £55. 

Tn the office, after several methods of attack on the problem of rectifi- 
ution had been tried and rejected, the apparatus for this method was 
mnstructed and the map produced in about a fortnight. It was found 
iat after some practice two engineers could rectify a photograph in rather 
ore than a day. 


ACCURACY. 


A study of the three versions of the map reveals that there is a diver- 
nce between them of as much as } mile in one place; it was decided 
at, owing to the poor definition of the control-points on one particular 
10tograph, a large proportion of the inaccuracy was attributable to its 
an. The position of any line on the final map was accordingly modified 
that in effect only one-half as much reliance was placed on that plan as 
| the other two. 

The position of any point on the final map is probably at worst 345 mile 
ym its true position, but most points will be very much better than that. 

is of interest to note that the length of a certain training wall scales 
380 yards on the map, whereas by direct measurement on the ground 
is actually 1,800 yards. 

It may be that the rather disappointing accuracy obtained in this 
rvey will discourage the use of the method in other circumstances where 
might be of great value, but it should be remembered that two causes 
erated in this instance, one of which at least will not recur. In the first 
ice, the photographs were taken before it was realized how they would 
ve to be used if a map were to be prepared, and secondly the Cheshire 
e of the Dee estuary is particularly poor in suitable ground control- 
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points. On the Flintshire side the promontories at Flint and | 
provided admirable points. 

In order to determine the accuracy of which the method should b: 
capable, a laboratory investigation was carried out as described in tk 
Appendix. 


CoNCLUSION. 


It appears that the accuracy which can be obtained is largely dependen 
on the availability of good ground control-points which can easily b 
identified on the photographs and on the appropriate Ordnance Surve} 
map. Given such control-points, the final accuracy depends on the car 
taken to ensure perfect alignment, and the apparatus described aboy 
enables that alignment to be realized quickly and easily. 


The Author wishes to acknowledge his indebtedness to Mr. Jack Allen 
M.Sc., Assoc. M. Inst. C.E., who collaborated with him in the above work 
and without whose advice and assistance it could not have been broughi 
to a successful conclusion. 


The Paper is accompanied by one drawing and six photographs, fror 
which the Figure in the text and the half-tone mie have bee! 
prepared, and by the following Appendix. 
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APPENDIX. 


- In order to determine the accuracy which could be achieved by the method in 
leal conditions, three oblique test photographs were taken, at different angles, of a 
eometrical figure which had been drawn in chalk on the laboratory floor. 

The four corners of this figure, an irregular quadrilateral, were intended to represent 
round contro]-points, and a number of intersecting lines inside the quadrilateral 
apresented the topography. 

The three photographs were rectified by the method, and a number of interesting 
acts emerged which had been missed when working on the Dee photographs, where 
he control-points were less precise. 


(1) It is comparatively easy to reach a stage of the alignment where three points 
coincide perfectly while the fourth is slightly out. At this stage it is 
much easier to make the alignment worse rather than better. 

(2) If such a stage is reached, two methods can be adopted to free the final map 
from undue error. 


(a) The plan can be plotted, together with the apparent position of the 
fourth control-point. Slight adjustments can then be made to 
the plan, by inspection, to neutralize the displacement of the 
erroneous point. 

(b) That part of the plan can be plotted which is controlled by the 
three correct points; a slight alteration to the adjustment, 
bringing the fourth point into alignment, and throwing one of 
the others out, can now be made, and the remainder of the 
plan plotted. 


(3) Any mistakes in plotting, due to wrong interpretation of a point as seen on 
the lantern-slide through the eyepiece, can be largely neutralized by 
repeating the plotting with a different observer, and taking the average 

of the two versions. 

(4) With the apparatus described in this Paper it is inconvenient to rectify photo- 
graphs taken at angles of more than 30 degrees to the horizontal. With 
steeper angles than this, any vertical adjustment of the tracing-sheet is 
accompanied by an undue lateral movement, which renders alignment very 
difficult. The best results are obtained with angles between 10 degrees 
and 25 degrees. 


The three test photographs were taken at angles of 11 degrees, 274 degrees, and 
34 degrees to the horizontal, approximately, and the accuracies achieved with each 
vere obtained by measuring the discrepancies between points on the plans produced 
ind on a scale drawing of the geometrical figure. Finally the three plans were com- 
yined, and the accuracy of the combined plan was similarly determined. These 
‘esults are shown below :— 


, h: Maximum error of any Average error of twenty-six 
4 are Recs > volts tale points: inch. 
a 
q re 0-64 0:31 
274 0-48 0:23 
34 0-56 0-28 
(Combined plan) : 0-40 0-14 


a 
© 
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In the above Table the errors as tisesbid on the plans have been ¢ 
equivalents on the geometrical figure, which was about 5 feet in ee “The. me 
difference between different versions of the same point was 1-2 inch, and this § S 
be compared with the maximum error of any point on the combined plan, a 
0-4 inch. 

For purposes of comparison these photographs were rectified in exactly the sai 
way as were the Dee photographs, without using the refinements suggested in pai 
graphs 2 (a) and 2 (b) above; when these refinements were employed the ma 
error was reduced by about 50 per cent. and was then of the same order of mag 
as the thickness of the chalk lines, so that errors not intrinsic in the method of re 
cation began to be important. 

These results point to the conclusion that, if good control-points are available. 5 
the proper precautions are taken as described above, the maximum error of J 
should not exceed } per cent. of the longest side of the quadrilateral formed by t 4 
control-points. a 


if) 
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Paper No. 5131. 


“ The Treatment of Septic-Tank Effluent from a Small Com- 
munity by means of an Enclosed Biological Filter at 
Bloemfontein, South Africa.” 


By Hueu Vaveuan Davins, Assoc. M. Inst. C.E. 
(Abridged.)1 
(Ordered by the Council to be published with written discussion.)2 
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INTRODUCTION. 


r was required to provide the most economical and satisfactory sanitary 
rvice for a standing military encampment of 500 men on the outskirts 
f Bloemfontein. Electricity and water supplies were available, but the 
earest available town sewer was about 3,850 feet distant. Consideration 
as given to the following four methods :— 


(a) Pail latrines; bath, shower, and slop water to be run to land. 

(b) Water-borne sewerage, connected to the town sewer. 

(c) Water-borne sewerage; the effluent to be treated in a plant 
comprising screen, detritus-tank, sedimentation-tank, sludge- 
digestion tanks, sludge-drying beds, and trickling filter or 
“ Priiss ” biological filter. 

(d) Water-borne sewerage ; the effluent to be treated in one large 
septic tank and a “ Priiss” biological filter. 


1 Further information on the construction and operation of the septic tank is 
ven in the MS. of the Paper, high, may be seen in the Institution Library.— 
10. Inst. C.E. 

2 Correspondence on this Paper can be accepted until the 15th February, 1939, 
d will be published in the Institution Journal for October 1939.—Szxc. Inst. C.E. 
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The average daily flow of raw sewage was assumed to be 10,000 gallo 
this estimate has proved to be almost exact. On this basis, and allo 
for interest and redemption at 8 per cent. per annum on the capital cos 
the total annual costs of the four methods were estimated to be £ 
£285, £275, and £138 respectively. The Author had no hesitation i 
recommending that the fourth scheme should be adopted; the septi 
tank was constructed departmentally to his design at a final cost of £220 
and the filter and its were equipment supplied and erected by a contracto1 
at a final cost of £575. 


GENERAL DESCRIPTION OF PLANT. 


The inflowing sewage is passed into a septic tank of 10,000 gallon 
capacity, divided into three sections (Figs. 1). The tank is constructed 0 
4:2:1 Portland-cement concrete, the floor being reinforced by tw 
layers of No. 12 gauge 3-inch mesh wire netting laid 1} inch from the under 
side of the slab, and the sides and roof reinforced by rods. No specia 
waterproofing material was employed, but the concrete was well rodded 
Slight leaks occurred at the junctions of the walls and floor, and of tk 
walls and roof of the pump-chamber. These have been successfull 
stopped by fillets of 3:1 cement plaster with 5 per cent. of “ Sika 
No. 3 waterproofing compound. 

From the third section of the tank the sewage passes to a sump, fror 
which it is periodically pumped to the Priiss filter; the pump is placer 
in an adjacent chamber and is driven by a 1-horse-power electric mote 
controlled by a float-operated switch. In the pump-chamber is also th 
fan for supplying air to the Priiss filter, which is driven by a 2-horse 
power motor and delivers 1,100 cubic feet of air per minute at a pressur 
of 38; inch water-gauge. The construction and operation of the filter 2 
described in the following sections of the Paper (pp. 58, e¢ seq.). 

The plant operates automatically, and has only to be inspected abou 
once a week in normal circumstances. It has been found necessary t 
de-sludge the septic tank once every 6 months. For this purpose t 
sewage-flow is by-passed into the second chamber, and the sludge manu 
ally removed from the first chamber. The flow is then restored to th 
first chamber, and the sludge from the second and third chambers (whic 
is thinner than that from the first) is pumped out. The sludge is burie 
in a trench. 

The normal period of retention of the sewage in the septic tank i 
24 hours, longer or shorter periods having been found to produce 
decidedly inferior effluent. The average 4 hours’ oxygen-consumption « 
the effluent from the tank is 8 parts per 100,000, and the content ¢ 
suspended solids is 25 parts per 100,000. : 
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itself is purified of odour durin 


are of crushed dolorite screened between 6-inch and 3-inch gauge, the 
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CONSTRUCTIONAL DeETAILS OF THE “ Priss’”’ BroLoGcicaL FILTER. 


The “ Priiss” biological filter is essentially an enclosed trickli 
filter to which air is delivered under pressure. The essential departu 
from standard practice in this type of filter is that the oxgyen-supply 
the colonies of aerobic bacteria in the filtering media is artificially suppli 
to the surface of the media and forced downwards through the med 
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with the effluent. It is claimed for this method that not only is an exce 
of oxygen supplied for the establishment and maintenance of themaximu 


number of bacteria colonies under optimum conditions, but that the a: 


g its passage through the media, an 
leaving contact with the effluent at its stage of maximum purificatio: 
does not carry away noxious odours into the atmosphere. 

Structural details of the biological filter are given in Fy. 2. 
depth of the media from floor-tiles to surface is 12 feet ; the lower 2 fe 
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llow 8 feet of 14-inch gauge, the final 2 feet being again of 6-inch to 
inch gauge. As the depth of actual filtering media in this filter is twice 
at in the standard open trickling type, great saving in space is effected. 
‘Spite of the depth of media being double that of normal practice, there 
8 been no occurrence of ponding in this filter or excessive sloughing- 
, the only attention necessary having been periodic greasing and 
aning of the sprinkler, and occasional hosing-down of the floor-channels. 
‘As shown in Fig. 2, the concrete floor of the filter is laid to a fall of 
inch to the foot to a centre main channel, which in turn has a fall of 
inch to the foot and discharges to an external sump. The collecting 
annels are formed by pressed bricks on edge and are set at right angles 
the main channel, all being parallel and having their outer ends carried 
rough the filter-wall to the open air and covered by gratings. 

The draining tiles are standard 12-inch by 9-inch terra cotta: half- 
ind floor-tiles, laid off the bricks, the coarser stones of the lower layer 
media being carefully selected to bridge all interstices and to provide 
even, level bed for the balance of the media. All channels can be readily 
aned by rodding or hosing from outside the filter. Up to the time 
writing, however, it has been found that the filter is very efficiently 
cleansing, the infrequent occasions on which hosing has been carried 
; having resulted in the removal of only very small quantities of humus. 
The septic-tank effluent is deliverd to the media in the filter by means 
a revolving sprinkler, there being sufficient head-room to permit of 
filter being periodically lifted on its spindle for cleaning and overhauls. 
The air-supply to the filter (1,100 cubic feet per minute) is brought 
ough a 6-inch pipe to the apex of the roof, as shown in Fig. 2; the 
srior of the filter is thus constantly under air-pressure when the fan 
tunning. Two top-hung, outward-opening metal-framed windows 
h rubber sealing strips have been installed opposite to one another 
she filter-wall. Through these windows the sprinkler can at any time 
inspected or rodded from outside the filter, without the necessity for 
ning the carefully-sealed manhole in the roof. In the Author's 
nion, it would be preferable to instal four windows round the periphery 
filter of this size, owing to the difficulty of obtaining sufficient light 
de the filter to examine the whole surface of the media from the out- 


' 
he 


PERFORMANCE OF THE FILTER. 


For 12 weeks after the 10th May, 1935, when the plant was put into 
ration, the resulting effluent was below expectations. This was no 
bt accounted for by the fact that operation was commenced during 
winter months when the low average minimum temperature was very 
.vourable to the establishment and maintenance of anaerobic bacterial 
vity in septic tanks. In fact, during the whole of this period the 
ao 
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septic tank was absolutely inactive, so that the resulting effluent dos 
to the filter was foul in the extreme. In order to establish bac a 
action in the tank, the contents were seeded with 400 gallons of sludd 
from aseptic tank at the town’s outfall works. Within 36 hours a re 
formation had been wrought in the condition of the tank. Great bacteri’ 
activity was apparent in all three chambers, which were gassing s h 
and regularly, and already rapidly losing the peculiar offensive odour 
putrefying organic matter, and the fungus growths that had formed. 
tank was thus brought into working condition only after the plant ha 
been in operation for 12 weeks. During that period, however, there w: 


filter. No complaint of aerial nuisance has ever been received; at n 
time has the Author been able to detect odours at a distance of mo 
than 80 yards from the filter, while for the past year odours, other the 
a slight smell similar to that of damp earth, have been indetectab 
within 10 feet of the filter. : 

When the plant had been running for 10 weeks, excessive quantiti 
of suspended matter began to make an appearance in the effluent; t 
Author concluded that the filter was scouring owing to an excessi 
dosing rate, and observations were accordingly made of the rate of delive 
of the septic-tank effluent to the filter. It was found that with t 
tenderer’s setting of the trips on the float-switch, the filter was bei 
dosed with 787 gallons of effluent every 1 hour 20 minutes, this amoul 
being distributed over the media at the rate of 2,600 gallons per hot 
That rate was obviously far too high, as the agents’ most optimistic cla: 
for this type of filter was 500 gallons of effluent per cubic yard of med 
per day, which was equivalent for the size of filter installed, to 1,0 
gallons of effluent per hour. The Author therefore inserted an adjustak 
throttling valve in the pump-delivery, and re-set the float-switch to tl 
least possible limits of travel. Eventually it was found that the minimu 
dosing rate to operate the sprinkler was reached at 1,051 gallons p 
hour, the time between runs being reduced to 5 minutes. This minimu 
dosing rate, combined with maximum frequency of dosing, has result 
in an effluent of consistently high and satisfactory standard. 

While experimenting on the dosing of the filter, the Author was al 
experimenting with the air-supply. In the plant as originally install 
the fan-motor was wired to cut in and out with the pump. According 
the agents’ claims, this method had functioned very satisfactorily 
Germany, where sewage that had received preliminary sedimentation w 
being treated. Owing, however, to the fact that this filter was receivi 
a septic effluent, with an abnormally high percentage of suspended soli 
it was felt that an excess supply of oxygen to the aerobes in the filter me 
would be advantageous. The fan was accordingly switched on to r 
continuously, and an immediate improvement in the quality of t 
effluent was apparent, the 4 hours’ oxygen-consumption of the efflue 
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lling from 3-5 to 1-1 part per 100,000. The odour from the filter gratings, 
ever particularly pronounced or sufficient to create the faintest hint of 
usance, was found to be somewhat fainter than previously, and to 
semble more the smell of damp earth than that of fermenting yeast, as 
rmerly. It appears that the biological filter has the ability to remove 
‘destroy noxious odours, as the septic-tank effluent at this stage certainly 
mtained a large percentage of sulphuretted hydrogen. 

During the winter of 1936 it was thought that it would be advantageous 
) heat the air supplied to the filter. An analysis of the effluent on the 
th May, 1936, however, yielded the following figures :— 


Influent. Effluent. 
Nitrites: parts per 100,000 As oe SSL Trace 
Nitrates: ,, ,, ere) Se nes. 2.8L TRCO 0:76 
4 hours’ oxygen-consumption . .. . . 10-0 id 


This standard was fairly consistently maintained throughout the 
mter months, the worst analysis, carried out in midwinter, resulting in 
e following figures :— 


Influent. Effluent. 
Nitrites: parts per 100,000 Shoe palo: MUNA 0-4 
Nitrates: ,, ,, en SA Biers eee Tt 1:0 
4 hours’ oxygen consumption . . . . 3:3 2-2 


_view of the foregoing results the idea of heating the air supply was 
andoned. 

The effluent from the filter is disposed of by irrigation direct to 4-1 
res of land: this ground has been constantly under crops, the quality 
id yield of which leave nothing to be desired. 

No provision has been made for separating out the humus from the 
al effluent, as the percentage is so small as not to warrant this pro- 
dure ; in fact, the soil has benefited from its presence. The prevalence 

the irrigation-furrows of considerable algal growths is unique in the 
ithor’s experience of sewage-effluents, and demonstrates the very 
tisfactory degree of oxygenation and stability obtained. Representative 
alyses for the effluent at present being obtained from this plant are 
ven in Appendix III (p. 63). In the Author’s opinion it is not advisable to 
ing the filter-effluent to discharge into a sump, as shown in Fv. 1. 
lis sump acts as a very effective humus-trap, collecting quantities of 
ganic matter in which anaerobic bacterial action sets up. This secondary 
otic action has the result that a first-class effluent from the filter, with 
low oxygen-deman4d, is finally delivered to land as a poor effluent with a 
sh oxygen-demand. It is much more satisfactory to run the filter-effluent 
ect to land and to allow the humus to distribute itself naturally to the 
1 
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‘The plant as installed has aroused considerable local interest on 
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standard of purification achieved, and of its low initial and opera‘ 
The total cost of the plant was £795, while the cost of 1 year’s op 
is £140 (Appendix I). It is the Author’s opinion that this type of pla 
> is ideal for villages of up to 500 inhabitants. From the Author’s ea 
ence of this plant, experiments made in variations of operation, 
careful observation of results obtained, he considers that a biological filt 
of the Priiss type is a most efficient and reliable means of producing fre 
a septic-tank effluent a final effluent of a consistently high standart 
F purity and stability, without appreciable aerial nuisance. 
; The essential details and results in connexion with the plant 
E summarized in the Appendixes. 
The Paper is accompanied by three sheets of drawings, from some 
which the Figures in the text have been prepared, and by the folla Wit 
three Appendixes. r 
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APPENDIX I. 


Costs oF OPERATION. 


tofcurrent perunit . . . ast 1a: 

it of pumping per 1,000 gallons = 0°715d. 

t of air-supply per 1,000 gallons = 0°765d. 

al cost of power per annum Bie = £22 10s. 

intenance and sundries, perannum ... . = £53 18s. 

erest and redemption at 8 per cent., per annum . = £63 12s. 
= £140. 


Total cost per annum 


APPENDIX II. 


DETAILS OF OPERATION. 


ding of filter . = 192 gallons per cubic yard of media per day. 

. = 1,051 gallons per hour. 

oe re 80 gallons per square yard of media surface per 
hour. 

ing period . . . . . = 6 minutes 27 seconds. 

iod of rest (between doses) . = 5 minutes. 


1 ti 1 i = 1,270 cubic feet per cubic yard per hour. 
SUPP'Y» Tun continuous'y -\— 158,400 cubic feet per 1,000 gallons treated. 


APPENDIX III. 
Exrracts or ANALYSES OF REPRESENTATIVE ErrLUENT-SAMPLES. 


Analysis Carried Out on 29 May, 1936. 


Filter-influent. Filter-effluent. 
urs’ oxygen-consumption : parts per 100,000 medO:0) 1-1 
[his represents 89 per cent. purification. 


Analysis Carried Out on 3 June, 1936. 
Filter-influent. Filter-effiuent. 
urs’ oxygen consumption: parts per 100,000 . . 7:6 3°5 
‘his represents 54 per cent. purification; the relatively poor result was due to 
. quantities of humus being carried over from the sump at the outlet from the 


. (This was also the cause of the poor result given on p. 61.) 
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Chemical and Physical Examination Carried Out on 25 November, 1936. 


Colour in 6-inch column 
Turbidity . 

Odour 

Residue on evaporation 
Oxygenation. . . 

Free ammonia 

Chlorine . 

Equivalent of common alt 
Nitrites 

Nitrates . 


4 hours’ oxygen- consumption = 


Methylene-blue test . 
Suspended solids 

pH value of filter influent . 
pH value of filter effluent . 


Very pale yellow. 
None. 


None. 

Slight—no odour when charred, 
Good. 

0-002 part per 100,000. 
9 parts per 100,000. 

15 parts per 100,000. 
(not determined). 

(not determined). 

0-85 part per 100,000. 
100 per cent. stability. 
trace. 

6-8. 

8-0. 
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“Model-Experiments on Bellmouth and Siphon-Bellmouth 
| Overflow Spillways.” 
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INTRODUCTION. 
ject of the Experiments. 


~ Jubilee reservoir was constructed for the Government of Hong Kong | 
ring the years 1933-37. Flood-water had to be discharged through 
hons built at one end of the dam and through a 15-foot diameter over- 
w-tunnel with a 74-foot diameter bellmouth spillway at its upper end, 
» height between the lip of this bellmouth and the invert of the tunnel 
the outlet end being 265 feet. The experiments described in this Paper 
re made in order to determine the discharges given by the bellmouth 
srflow spillway, and the best shape of the bellmouth not only for the 
ciency of the discharge, but also for the reduction of the vacua which are 
med inside overflow-tunnels. The deductions and conclusions described 
‘the outcome of more than five hundred readings of discharges and more 
in five thousand readings of vacua. 


perimental Apparatus. 


A stream with a sufficient flow and a suitable site for an experimental 
Jraulic station was found in the neighbourhood, and three small dams, 
shown in cross section in F%g. 1 (p. 66), were constructed across it. 

The upper dam was a thin arch dam 14 feet high which formed a 


4 Correspondence on this Paper can be accepted until the 15th February, 1939, and ie 


be published in the Institution J ournal for October 1939.—Szc. Inst. C.E. 
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wage-reservoir of 300,000 gallons capacity. The intermediate dam was 
gravity section, 35 feet high, built across a narrow gorge, to form a stilling 
nd for the models, the flow into the pond and through the models being 
yulated by a 10-inch valve in the upper dam connected to a short length 
pipeline, the outlet-end of which was submerged approximately 12 feet 
low the top water-level of the pond in order to eliminate disturbance of 
e water-surface due to the force of the incoming water. A shed with its 
le walls extending a few inches below the top water-surface was built over 
e first model to form a still measuring-pool. The water-level inside the 
ed could be measured to zé5 inch by means of a specially-designed 
uge. In addition, U-tube pressure-gauges were installed inside the shed 
d were connected by copper pipes to piezometric points on the model to 
sasure the vacua. The lower dam was also of gravity section, 7 feet 
zh, and was constructed to form a pool large enough to still the water 
uing from any of the models so that the discharge could be measured by 
#4-inch V-notch incorporated in the dam. 

The ratio between the cross-sectional areas of the model of a tunnel 
d its prototype is equal to the square of the linear scale-ratio r, but the 
locities of flow are proportional to the square roots of the working heads, 
d their ratio is therefore 72. Hence the ratio of the discharges is re, 


is ratio r? was therefore applied to the discharges measured at the 
notch to give the corresponding discharges for the prototype ; thus, for 
> linear scale-ratio 1/24, the corresponding multiplication-factor was 
= — 2822, 

‘The first model of the tunnel (Figs. 2, Plate 1) was made 3’ full size ; 
was made up of straight sections of white-metal pipe 74 inches in in- 
nal diameter turned on a lathe, with specially-cast white-metal bends. 
e main air-duct was made in copper pipe, with threaded connexions 
ewed into holes in the top side of the white-metal pipe without pro- 
ting into its interior. Subsequently, three more models of the tunnel 
th scale-ratios of 1/19, 1/29-4 and 1/43-5 were made, the first being 
welded mild-steel plate with cast-iron bends, and the other two of 
ought-iron pipe bent to shape. 

The first bellmouth-model, referred to as Design No. 1 and shown in 
z. 3, Plate 1, was also made of white-metal turned on a lathe. The 
er designs were made up of sections of zine plate yz inch thick beaten to 
ape and soldered together, the joints being filed smooth afterwards. 
e waterway-channels were made of planed teak. 


yplication of the Weir Formula to Bellmouth Spillways. 


For a free discharge over an unsubmerged weir without appreciable 
locity of approach, the flow per unit of time may be determined by the 
mula @ =1 xc x h¥, in which | denotes the length of the crest, ¢ a 
sfficient depending upon the shape of the crest, and / the measured head, 
7 


- = 
’ 
Me 


68 BINNIE ON MODEL-EXPERIMENTS ON BELLMOUTH AND 


namely, the height above crest-level of the surface of the water i 
reservoir. The lip of a bellmouth spillway acts as a circular weir, ~ 
effective length of which is the circumference of the lip minus the thickn 
of any obstructions such as ribs; the numerous experiments with 4 
different models showed that up to certain limiting values of h the a 
formula can also be used for expressing approximately the discha: 
bellmouths. In these cases, however, the coefficient c depends not 
upon the shape of the lip, but also upon the conditions created “a 
bellmouth by the tunnel and outside by the waterway-channel. 
When the limiting value of h to which the formula can be applied 
exceeded, the relationship between Q and A drops off until the discha 
reaches a maximum at a second value of h. Under certain conditions 
single vortex forms when this second value is reached and there is a sudd 
drop in the discharge. Under other conditions intermittent small vortit 
form and the discharge remains steady, but the maximum discharge 
usually followed by a gradual decrease in the discharge at higher vah 
of h. The intermittent small vortices which form under the latter con 
tions sometimes occur in pairs of opposite hand and sometimes sing 
When they occur singly, a vortex of one hand forms and after a w 
collapses, to be followed by a vortex of the opposite hand. This unstal 
alternating action continually repeats itself, and is quite distinct from t 
single-vortex action which involves the rotation of the whole mass of wa’ 
flowing through the bellmouth. The single vortex has a much m 
serious effect on the discharge than the intermittent small vortices. 
The coefficient of discharge c and the limiting value of the head 
to which it can be applied are given for each experiment in Table I. 


THe Oriana Desien, No. 1. 


The first series of experiments carried out on the model ¥j full si 
with Design No. 1 bellmouth, included the following conditions : 


(a) Plain bellmouth . . . . Air-vents in tunnel only open. | 

(6) Bellmouth with six equally % bg | 

spaced ribs. E 

(c) Bellmouth with division-wall ys Bs i 

(d@) Plain bellmouth . . . . All air-vents open, including fo 
extra vents. 


(e) Bellmouth with division-wall . a $y 
(f) ds % . All air-vents closed. 


The discharges for levels of the water from 5 to 9 feet above the lip 
given in Table I. i 


” 


Formation of the Single Vortex. 


Under condition (a) with the plain bellmouth, the relationship betwe 
the discharge @ and the head h on the lip was approximat 


— 


TABLE I.—RESULTS oF DIscHARGE-MEASUREMENTS ON BELLMOUTH AND SIPHON-BELLMOUTH SPILLWAYS. 


Effective Value of aca oe Nat i Head of water above Kp: feet Head at which| Maxi 
: : of hea m 
Diameters. length of lip discharge- which ¢ is WR edirortes Air-vents. ve ! j ! 8 max. discharge discharge : Remarks. 
ES ee or crest /: feet.| coefficient c. | plicable : feet. arrangements. Discharge : cusecs. occurs: feet. | cusecs. 
sign No. 1 (1/24) with Waterway-Channel. ; 
oxternal=74 ft. Lip=72 ft. 3 ins. 227 2-90 7-4 (a) Plain Air-vents open in |. 7,480.) 9,700. |). 12/800 (710s fee 7-8 13,900 | Single vortex. 
tunnel only. 
%» 9 9 >» 221 2:97 6-3 (b) Six ribs a iP = 9,800 | 10,900} 10,900 = 7 10,900 
” >» » 9 223 2-87 7-0 (c) Division-wall #4 x 7,425 | 9,425 | 11,850] 14,300 — >8 — 
927 9. , Jf 11,300 
> » > > 92 6-6 (d) Plain Allair-vents open,| 7,350 | 9,550 1 9,550 8,800 — 7:15 11,320 : co 
including four 
extra vents 
ae : . 223 2:97 6-6 (e) Division-wall : ,, | 7,350 | 9,550 Nez col Vg500) ee 7-15 11,320, | <9 
k J Zs - 223 2-97 1-5 GA pee None 7,400 | 9,550 | 12,375} 14,850 | — >8 a 
Design No. 2 (1/24) with Waterway- -Channel. 
External=74 ft. Lip=72 ft. 3 ins. 223 3-23* 7-5 (g) Division-wall | Allair-ventsopen | 7,900 | 10,200 13,200| 15,150 | 14,800 8-2 15,200 | Similar discharges with- 
out division-wall. 
“ e 2 3 223 3-23* 7-5 Ate oe None 7,725 | 10,100 | 12,900| 15,225 | 17,150 | >10 = e - 
e a fs ot 223 3°12 7:0 ca eS ee Allair-ventsopen | 7,600 | 10,200 | 12,870} 12,520 — 7:3 13,000 
and 6-ft. dia. 
air-shaft 
Design No. 3 (1/29-4). 
External=74 ft. Lip=72 ft. 3 ins. 227 2-90 8-0 (j) Plain, with | None 7,350 9,700 | 12,200} 12,850 | 16,500 9-35 16,800 
waterway- 
channel. 

a ie e bys 227 2-90-3-40 ret (k) Plain, without None 8,350 | 11,100 15,000] 16,800 | 16,800 8 16,800 | Value of cincreases from 
waterway- 2°90 at 3 ft. to 3°40 at 
channel. 6°5 ft. 

Siphon-Bellmouth (1/29-4). als, 
eee et | Crest 67 ft. 186 = — (1) With water- | None 16,750 | 16,850 | 17,000) 17,100 | 17,100 8 17,100 
way-channel. 
186 a _ (m) Without] None 16,950 | 17,000 | 17,150] 17,240 | 17,240 8 17,240 
99 99 “ge 99 waterway- 
channel ~ 
* Nore: c is the value determined from the curves for the models to four different scales (see Fig. 14, p. 81) and is higher than that given by the 3 scale model alone. Ta : 
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= 227 x 2-90h?, where 297 is the circumference of the prototype lip in 
t and 2-90 is the value of c, the limiting value of / to which the formula 
8 applicable, being 7-4 feet. The flow of the water from the two entrances 
the waterway-channel formed a double vortex inside the bellmouth, as 
own by the arrow lines on Figs. 2, Plate 1. Violent surging occurred 
ide the bellmouth as soon as h exceeded 4 feet. When h exceeded 7-4 
t the relationship between Q and / started falling off slightly, until at 
head of 7-8 feet a single vortex formed and there was an immediate 
Ip in the discharge from approximately 14,000 cusecs to approximately 
100 cusecs. Figs. 5 and 6 (facing p. 70) show the model of the bellmouth 
action just before and after the single vortex formed respectively. 


fluence of the Ribs, Division-Wall, and Air-Vents. 


The experiment with the plain bellmouth showed that in order to main- 
n a high discharge at the higher water-levels it was necessary to devise 
ne means for preventing this single-vortex action occurring, and experi- 
mts were therefore carried out with various types of vortex-breakers. 

Under condition (6), with six equally-spaced ribs as shown dotted on 
y. 3, Plate 1, the formation of the single vortex was prevented, but the 
iximum discharge (as shown in Table I) did not exceed 10,900 cusecs. 
e ribs also destroyed the double vortex. Surging still occurred inside 
> bellmouth. 

Under condition (c), with the division-wall dividing the bellmouth and 
terway-channel into two halves as shown on Figs. 2 and 3, Plate 1, the 
ect of the division-wall was to prevent the formation of the single vortex 
shout interfering with the double vortex. The relationship between Q and 
vas approximately Q = 223 x 2-87h?, up to a head of 7 feet above the 

Above this level the relationship started falling off slightly, but no 
gle vortex causing a sudden drop in the discharge formed. At a head of 
feet above the lip the discharge was still increasing, the maximum 
charge occurring at some higher level. 

It thus became evident that, although it was essential to prevent the 
gle vortex forming, anything which interfered with the double vortex 
o reduced the maximum discharge. Numerous other arrangements of 
s were tried, but as they all destroyed the double vortex, results similar 
those observed under condition (b) were obtained. 

These results lead to the conclusion that, in cases where reliance is 
ced on vortex-breakers to prevent the formation of a single vortex, 
pest form is the division-wall ; under the next two conditions, however, 
vill be shown that even this type of vortex-breaker cannot be relied upon 
avery case. 

It was next observed that although the discharges now obtained under 
dition (c) were quite satisfactory, the vacua measured inside the model _ 
the piezometric points numbered, 1, 2, etc., on Figs. 2 and 3, Plate ki; 
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were extremely high for the higher flows. These vacua were very unstea 
and varied according to the pulsations inside the tunnel, the maxi 
occurring for fractions of a second only and coinciding with the surgin; 
the bellmouth. The values for vacua given throughout this Paper refi 
the maxima in each case. 

It is not possible within the limits of this Paper to refer to the va 
measured for the different discharges at all the piezometric points, so 
points only—Nos. 6 and 13—have been selected, and the readings at 
points are given in Table II (p. 71). Both points are in the roof where’ 
higher vacua occurred, the highest vacua with Design No. 1 bellm 
occurring at point 6. 

These high vacua are objectionable, as they are liable to cause er 
of the tunnel-lining, and attention was therefore turned to finding 
means for reducing them. It was thought that the introduction of 
air would reduce the vacua, and accordingly four extra air-vents 
inserted round and near the bend where the highest vacua occ 
one was placed half-way between points 1 and 3, one half-way be 
points 3 and 6, and two between point 6 and the first connecting air-hole 
the main air-duct. 

Under condition (d) with the four extra air-vents and without 
division-wall, the discharge was normal up to a head of 6 feet. Above 
head a single vortex was liable to form at any head between 6 and 7:1 f 
and, as shown in Table I, either a very unstable discharge up 
11,300 cusecs occurred or the discharge dropped to 9,550 cusecs immedia 
the single vortex formed. At 8 feet over the lip the discharge was o 
8,800 cusecs. As shown in Table II, the influence of the four extra 
vents on the vacua was to increase them slightly at points 6 and 13, 
similar results were obtained at the other points. ; 

Under condition (e) with the four extra air-vents and the division-wa 
similar results to condition (d) were obtained, as shown in Tables I and 
This showed that when extra air-vents were introduced round the bend, t 
division-wall had no effect in maintaining the discharge at the higher flov 

Under condition (f), with the division-wall and with all a 
vents closed, the relationship between Q and A was approximate 


Q = 223 x 2-97h? up to a head of 7-5 feet above the lip. At this level t 
relationship started falling off slightly, but at 8 feet the discharge was s' 
increasing, the maximum discharge occurring at some higher level. 

A comparison between conditions (c) and (f), as given in Tables I a 
IJ, shows that when the air-vents were opened in the tunnel only th 
reduced the rate of discharge slightly, but they also had a good effect 
reducing the vacua at point 6. They did not have much effect at point 
the vacua with the air-vents open being smaller for the lower flows | 
larger for the higher flows. This comparison is further illustrated 
Figs. 7, (p. 72), which show the vacua at all the points under both ce 
ditions when the discharge was 14,500 cusecs. 


Fig. 5. 


DESIGN NO. 1 BELLMOUTH WITH WATERWAY-CHANNEL, DISCHARGING 
14,000 CUSECS PRIOR TO FORMATION OF VORTEX. 


Fig. 6. 


tome 


NO. 1 BELLMOUTH WITH WATERWAY-CHANNEL: DISCHARGE 
SEDUCED TO 9,000 CUSECS BY FORMATION OF VORTEX. 


sIGN NO. 1, WITH WATERWAY-CHANNEL AND _DIVISION-WALL, NO 
AIR-VENTS,, DISCHARGING 9,700 CUSECS AT 605 FEET HEAD OVER 
LIP: WATER INSIDE BELLMOUTH AT HIGHEST LEVEL DURING SURGING. 


Fig. 9. 


DESIGN NO. 1:° CONDITIONS AS_ IN Fig. 8: WATER AT LOWEST 
LEVEL DURING SURGING. 


BELLMOUTH, DIVISION-WALL AND WATERWAY-CHANN 
DAM, HONG KONG, eS 
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Figs. 7. 


ign N° 1. 
All air-vents closed -—-———o- 
Air-vents in tunnel 
only open...........-- -<o. 


Design N° 2. 
Air-vents closed .... ———+- 
ir-vents open ...... 
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PRESSURE: “VACUUM: VACUUM: INCHES OF WATER. 
INCHES OF WATER. 
(POINTS ON INVERT OF TUNNEL.) (POINTS ON ROOF OF TUNNEL.) 


CoMPARISON OF VACUA OBTAINED wiTH Destan No. 1 anp Destan No. 2 
WHEN PASSING 14,500 Cusrcs; Arr-VENTS OPEN AND CLOSED. 


: 


THEORETICAL CONSIDERATIONS LEADING TO THE FinaL DESIGN. — 


Application of Bernoulli’s Theory and the Free-Vortex Law. 


The experiments so far carried out indicated that the flow through t 
bellmouth was extremely erratic and varied between a flow of a mixtt 
of air and water and a flow of water only. 

Design No. 1 and similar types, such as hitherto have universally be 
adopted, have been designed from considerations of the parabolic sha 
which water takes in a free fall with the initial horizontal velocity cor 
sponding to the depth of water over the lip, the curve being made f 


enough to prevent the water leaving the surface. For the purpose 


analysis, Design No. 1 will first be considered with all air-vents closed a 
moment when water only is passing through it and when it is dischargi 
15,100 cusees. Under these conditions the bellmouth is submerged 
approximately the level of the lip. Considering a transition from ‘ 
cross-sectional area A; at cross section 1 on Fig. 3, Plate 1, to the erc 
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ctional area A, at cross section 2 at the beginning of the bend, the 
ean vacuum at cross section 2 will equal the increase in kinetic energy 
ss the loss in potential energy. Hence the vacuum at cross section 2 


V2 V2 

- 29 et’ iain hg feet (where hy denotes the potential energy, 
17-452 a that is, the level of the water inside 

=) — 1-67 feet the bellmouth above cross section 2). 

= 36-6 inches. 


he maximum vacua actually measured under condition ( J) were 36-6 
id 34-9 inches at points 1 and 2 respectively. ° 

_ Considering next a transition from cross section 2 to cross section 3 at 
e centre of the bend, it will be assumed for the moment that the velocities 
und the bend follow the laws of free-vortex flow. In free-vortex flow, 
‘=constant. Hence v X 7, =v, X r=Vz X rz (where the suffix 
refers to the inside of the bend and the suffix x to the outside) ; 


that Up = 0, X - ee ee 
A 64 
ence the maximum vacuum on the inside of the bend 
2 2 
= oe — =) —_ hg, feet 
29g 
on {27:92 —.0:82 
64-4 
= 117-5 inches. 


) — 2-25 feet 


he maximum vacua actually measured under condition (f) were 103-4 
ches at point 3 and 118-3 inches at point 6 further round the bend. 

Similarly, it can be deduced that the theoretical vacuum at the centre 
the bend is 29-6 inches and the theoretical pressure at the outside of the 
md is 5 inches; the maximum vacuum and the maximum pressure 
tually measured at the centre and outside of the bend were 24-5 inches 
d 6-4 inches respectively. 

It has already been proved for siphons that the flow of water round the 
nd at the crest approximates to free-vortex flow 1, and these results show 
at for short periods of time at irregular intervals the flow of the water 
und the bend below the bellmouth also approximated very closely to free- 
ttex flow. The maximum vacua, however, only occurred for fractions 

a second at irregular intervals at times when water only, and not a 
ixture of water and air, happened to be passing through the bellmouth. 


1 Prof. A. H. Gibson, T, H. Aspey, and F. Tattersall, “‘ Experiments on Siphon 
illways.” Minutes of Proceedings Inst. C.E., vol. 231 (1930-31), p. 201. 
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Theoretical Design. 

It is evident from consideration of the foregoing study that, from 
point of view of preventing the formation of vacua, the ideal bellmo 
would be of such a form that for any discharge the potential energy at ‘ 


cross section of the bellmouth would either exceed or be equal to 
kinetic energy at that section, and it would discharge into a vertical shaft 
as the influence of a bend immediately below the bellmouth makes i 
practically impossible for the above condition to be fulfilled. Practicall, 
speaking, it is only for the higher flows when water starts to collect insid 
the bellmouth that the above theoretical considerations can be applied 
and their application shows that a bellmouth with a very deep convergin 
shaft below it is required. (A bellmouth fulfilling these conditions is show: 
dotted on Fig. 16, Plate 1.) Theoretically no vacua at all, and therefor 
no surging or turbulence, would occur in a bellmouth of this shape. 
When surging occurs in a bellmouth-tunnel, the action inside the tunne 
is similar to that of asiphon priming. The water flowing through the tunn 
takes away the air with it, and, as soon as the air is exhausted, the tunne 
primes and discharges either full-bore or partially full-bore according 
the volume of the discharge; simultaneously the water inside the bel 
mouth is drawn downwards. However, immediately the air is exhauste 
from the tunnel, the vacuum resulting therefrom draws in air again fr 
the surface and through the air-vents, and conditions inside the tunne 
return tonormal. At the same time, the outlet-discharge becomes norm: 
and the water inside the bellmouth rises again. 
This cyclic action is very objectionable, because in a full-sized prot 
type it would produce dangerous reverberations. When surging occurre 
with Design No. 1 bellmouth, the vibration of the model could be distinctl 
felt on the floor of the shed. The surging inside Design No. 1 bellmouth i 
illustrated by Figs. 8 and 9, facing p. 71, which show the highest lev 
and lowest level respectively, the discharge in both cases being 9,700 cusee 
The high vacua formed when surging occurs are also objectionable beca 
they might cause excessive erosion of the tunnel-lining. 


The Single Vortex. 


The formation of a vortex inside a bellmouth usually requires a 
exceptional flood to create it, and this flood has to occur at a time when th 
reservoir is full. The simultaneous occurrence of both these condition 
cannot take place very often, and it is probable that a long time will la 
before anyone will be able to demonstrate the similarity of flow between 
bellmouth and its models under vortex conditions. Nevertheless, there al 
many examples where the conditions of flow existing at an hydrauli 
structure have been successfully reproduced on models, one of whic 
applies to vortices with vertical axes, This example is the study carri 
out by Messrs. A. D, D. Butcher and J. D. Atkinson, M. Inst. C.E., 0 
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ie prevention of erosion due to the vertical vortices formed at the Sennar 
am.t A 1/100 scale model of the dam was made and tested, and the 
ortices due to the unsymmetrical spacing of the sluices and guide-walls 
ere formed in the model exactly as in the original. They were, of course, 
ot spiral vortices such as occur with bellmouths, but the similarity of flow 
btained under these conditions strengthens the belief that similarity will 
e obtained under spiral-flow conditions also. This supposition, however, 
mains to be proved. The only action that can be taken under the present 
reumstances is to adopt the remedies against the formation of a vortex 
dicated by the experiments, in the hope that they will prove effective in 
ractice. 

The results of the experiments seemed to show that the creation of a 
ngle vortex was dependent on the formation of a depression on the water- 
face when the bellmouth became partially or completely submerged, 
aid that the formation of a single vortex might be frustrated by taking 
easures to prevent a depression occurring. For example, consider a 
allmouth submerged to such a depth that the depression of the water- 
irface due to the velocity of approach of the water is very small and can 
= neglected. Under this condition a depression may occur as a result of 
tation of the water-surface in one direction only, due to the velocity of 
proach of the water tangential to the bellmouth being greater on one 
de of the waterway-channel than the other, the momentum of the rotating 
ater causing a depression at the surface. This rotation of the water- 
face in one direction only is hereafter referred to as “ swirling,” and the 
yrtex created by this action as a “forced single spiral vortex.” A 
“pression may also occur as a result of suction due to a vacuum created 
side the bellmouth immediately below the surface, this suction thus 
abling a “‘ free single spiral vortex ” to form. 

The formation of a depression under the former condition can be 
evented by siting the bellmouth sufficiently far from the side of the 
servoir to enable a waterway-channel to be constructed which allows 
sy access all round the bellmouth without any rotation in one direction 
ily of the surface of the water. A good example of a waterway-channel 
lfilling this requirement is the Jubilee channel shown in Fig. 10, facing 

#1. 

A depression under the latter condition can be avoided by designing the 
Iimouth so that positive pressure is maintained inside it for a sufficient 
pth below the surface. The theoretically ideal bellmouth referred to 
ove is an example of a bellmouth which fulfils this requirement. Experi- 
ents on bellmouths which will be described later showed that where 
sitive pressure was maintained for a sufficient depth below the surface, 
“free single spiral vortex” did not form at any level above the lip ; 


1“ The Causes and Prevention of Bed Erosion, with Special Reference to the 
otection of Structures Controlling Rivers and Canals.” Minutes of Proceedings 
t. O.E., vol. 235 (1932-33, Part 1), p. 175. ; 
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even if the water were artifically “ swirled ” by hand to form a vortex, 
vortex did not maintain itself when artificial “ swirling ” ceased. : 

Considering next a bellmouth before it becomes submerged, up to: 
certain level the air passing through the tunnel makes it impossible for: 
single vortex to form, provided there is no rotation in one direction on 
due to a “ swirling ” action of the waterway-channel. Itisstill conceivable 
however, that above a certain level, and before the bellmouth become 
submerged, a condition might arise when the water flowing in from the si at 
would meet in such a manner as to create a “ free single spiral vo: 

The experiments with Design No. 1 bellmouth in which positive press 
was not maintained showed, however, that a vortex did not form until 
bellmouth became submerged. 

It is, of course, still probable that with an unduly restricted channel ¢ 
approach a “ forced single spiral vortex” would be formed with a bell 
mouth of any shape whatever. Under this condition, the formation of 
single vortex would probably be hindered by a division-wall dividing th 
waterway-channel and bellmouth into two halves. Under other con 
ditions, where there was no tendency due to the waterway-channel for 
water-surface to rotate in one direction only and where positive p 
was maintained for a sufficient depth below it, the division-wall did ne 
appear to serve any useful purpose. Nevertheless, owing to the uncertain 
as to the relationship between the behaviour of the prototype and 
model, it is perhaps advisable to adopt a division-wall under these 
ditions also as a possible extra safeguard against “ swirling.’’ 


‘Tae Finan Desien, No. 2. 


In the case of the Jubilee spillway, the excavation of the sloping tuna 
had already been completed before the experiments were sufficient] 
advanced to show the advantages of a vertical shaft. Nevertheless, effort 
were made to discover a shape for a bellmouth with a sloping tunnel whic 
would fulfil better the theoretical requirements for the prevention of hig 
ee and the single vortex, and Design No. 2 (Fig. 11, Plate 1) wa 
_ evolved. 


Influence of the Air-Vents and Air-Shaft. 
The second series of experiments, with Design No. 2, included th 
following conditions :— 
(g) Bellmouth with division-wall . . . . . All air-vents open. 


(h) = “i vee eee All air-vents closed 
(t) Bellmouth with division-wall and a vertical 
air-shaft 6 feet in diameter . . . . . All air-vents open. 


The discharges for heads of from 5 to 9 feet above the lip are given i 


DESIGN NO. 2 WITH DIVISION-WALL AND WATERWAY-CHANNEL, 
ALL AIR-VENTS OPEN, DISCHARGING 15,000 CUSECS. 


O. 3 WITH WATERWAY-CHANNEL, DISCHARGING 15,550 
eae ery CUSECS WITHOUT SURGING. NO AIR-VENTS. 


[56. 


Fig. 23. 


SIPHON-BELLMOUTH BEFORE PRIMING; HEAD 0-625 FOOT, DISCHARGE 
1,000 CUSECS. 


Fig. 24. 


SIPHON-BELLMOUTH PRIMED: HEAD 1:5 FOOT, DISCHARGE 12,200 
CUSECS. 
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uble I (facing p. 68), and the vacua at points 6 and 13 are given in 
able II (p. 71). 

Under condition (9) with all the air-vents open, the discharge reached a 
aximum of 15,200 cusecs when the water-level was approximately 
2 feet above the lip. At this level the bellmouth was submerged and small 
termittent vortices appeared as described above (p. 68). The discharge 
en dropped off slightly above this level to 14,800 cusecs at 9 feet. Fig. 12 
ows Design No. 2 discharging 15,000 cusecs at a head of 7-6 feet above 
e lip. Table II shows that the vacua at points 6 and 13 with Design 
0. 2 were considerably smaller than with Design No. 1, especially at 
int 6. 

Under condition (/) with all the air-vents closed, the discharge increased 
15,225 cusecs at 8 feet and 18,300 cusecs at 10 feet above the lip. Table IT 
so shows that the air-vents with Design No. 2 did not have much effect on 
e vacua. This is further emphasized by Figs. 7 (p. 72), which show the 
cua at all points for Design No. 2 with and without the air-vents when 
e discharge was 14,500 cusecs. A comparison of the vacua obtained with 
esigns Nos. 1 and 2 when both are discharging 14,500 cusecs is also shown 
Figs. 7, and it can be seen that the reduction of the vacua with Design 
0. 2is well marked. As a result of the reduced vacua, the flow in Design 
0. 2 was much less turbulent and the surging less violent than in 
esion No. 1. 

Under condition (7) a vertical air-shaft 6 feet in diameter was introduced 

the roof of the tunnel at a point half-way between piezometric points 
and 13 (Fig. 2, Plate 1). The air-vents were also open. As shown in 
uble I (facing p. 68), this shaft had the effect of reducing the maximum 
scharge to 13,000 cusecs at 7°3 feet, the discharge falling to 12,300 cusecs 
8-2 feet over the lip. It also had the effect, as shown in Table II, of 
ducing considerably the vacua inside the tunnel, but it did not have 
y beneficial effect on the vacua in the vicinity of the bend at the 
nection with the bellmouth. 

Although in the experiments the opening and closing of the air-vents 
id the introduction of the vertical air-shaft did not appear to have much 
‘ect on the vacua near the bend, it was nevertheless thought that it would 
advisable to introduce air as a safeguard against the vacua approaching 
solute. The arrangement for admitting air finally adopted in the pro- 
type consisted of a slot, reinforced by transverse struts, extending from a 
sition corresponding to point 3 to a position corresponding to the end of 
e main air-duct pipe in the model, this slot being supplied with air by a 
-inch diameter pipe which was reduced to an 18-inch diameter pipe 
low the position corresponding to point 6. 


fluence of the Sharp Bend and the Division-Wall. 


Experiments were also carried out on Design No. 2 with a sharp bend,. 
‘shown dotted on Fig. 11, Plate 1. As was to be expected from the 
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free-vortex law, this bend had a marked effect, and the vacua obtaine 
lay approximately half-way between those recorded with Design No.. 
and Design No. 2 without the sharp bend. | 

With the air-vents open a single vortex formed when the water-ley 
was 8 feet above the lip, and the discharge dropped immediately To 
14,500 cusees to 10,200 cusecs, In this case also the division-wall had x 
effect in preventing the formation of the single vortex and the conseque 
drop in the discharge. 

Although a division-wall was finally adopted in the prototype, Desig 
No. 2 without the sharp bend gave similar discharges with and without #] 
wall, its only effect in the experiments being a slight reduction of # 
turbulence at the surface. The bellmouth as finally constructed is show 
in Fig. 10, facing p. 71. 


Tur INFLUENCE OF ScALE-EFrrect ON MoODEL-EXPERIMENTS, 
Application of the Principle of Dynamical Similarity. 

The question then arose as to whether, apart from the question of # 
vortex, the results obtained with these experiments were truly repli 
sentative of how the prototype would behave, and whether there was ai 
scale-effect due to the size of the model. The results so far obtain 
showed that the flow through the model was very erratic. They a 
indicated that when the bellmouth became submerged and the work 
head on the model became the height from the centre of the outlet-end 
the pipe to approximately the lip of the bellmouth, Bernoulli’s the 
could be applied approximately. This theory implies that the maximu 
velocity through the tunnel is approximately proportional to the sq 
root of the working head, and, if such is the case, the principle of dynami 
similarity as given by Professor Gibson and Messrs. Aspey and Tatterss 
for siphons can also be applied to bellmouths. 

Consider now the model of a bellmouth overflow and tunnel at a mome 
when the bellmouth is submerged and the model is discharging water on! 
and compare it with its prototype. Applying the principle of dynami 
similarity to bellmouth tunnels and their models, if H denotes the worki 
head from the centre of the outlet-end to the lip of the bellmouth, d t 
diameter of the tunnel, v the velocity in the tunnel and v the kinema 
viscosity of the water, the principle of dynamical similarity indicates th 
for true similarity of a bellmouth-overflow tunnel and its model, each of t 
ratios H/d and vd/v must be simultaneously the same for both model a 
original, The above-mentioned investigators state :—“ Identity of t 
first relationship involves the similarity of all the forces involved, exee 
those due to viscosity ; while identity of the second ratio involves t 
similarity of the viscous forces. Since the value of v is sensibly the sa 


1 Footnote (1), p. 73. 


— 
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‘both model and original, it is impossible to satisfy both relationships 
qultaneously, since the first makes H proportional to d, while if, as is 
proximately the case, v is proportional to /H, the second makes H pro- 


rtional to ae * 
3 @2 


Professor Gibson and Messrs. Aspey and Tattersall * found that for 
hons the coefficient of discharge is little affected provided that d\/H 
ceeds 0-28, where d and H denote the depth of throat of the siphon in 
t and the working head in feet respectively. When the model of a siphon 
of such a size that its dH value exceeds this figure, viscosity no longer 
$ an appreciable effect in modifying the lines of flow, and the co- 
cient of discharge may be expected to be sensibly the same as that of its 
totype. 

It is evident that the losses involved in changes of direction are relatively 
ich less in bellmouth-tunnel models than in siphons, and as the length of 
> conduit is also much longer, the losses due to viscous resistances are 
atively greater. Nevertheless, the results obtained with siphons indi- 
fed the possibility of determining some limit for the value of d\/H for 
mouth-tunnel models also. Accordingly, three more models of 
sign No. 2 bellmouth and tunnel were made with scale-ratios 1/19, 1/29-4, 
d 1/43-5 ; in order to compare the four models under pipe-flow conditions, 
arge cowl was placed over the four bellmouths (the waterway-channel 
mg removed) and the water siphoned into the bellmouth and tunnel. 
@ cowl was made sufficiently large to make the effect of the velocity of 
proach of the water under the cowl negligible. With the water-level 
tside the cow] corresponding to 2654 feet above the centre of the outlet- 
1 of the tunnel in the prototype, the results given in Table III were 
pained. 


TasxeE III. 
Protot; Relati Discharge : Coefficient of Fe 
phalb-ratl0 sate rratlo cusecs. discharge. aH 
1/19 1/1 18,500 0-80 3-00 
1/24 1/1-26 18,880 0-815 2-05 
1/29-4 1/1-55 18,500 0-80 1-51 
1/43-5 1/2-29 16,950 0-73 0:84 


Fig. 13 (p. 80) shows the coefficient of discharge plotted against values of 
‘H. The variation of water-temperature, and therefore of viscosity, was 
y small during these experiments, and v could be taken as constant. The 
her coefficient of discharge obtained with the 1/24 model was probably 
: to the fact that a smoother surface was obtained with the white metal. 


g * Footnote (1), p. 73. 
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The diagram indicates that for values of dV H above 1-5 the coeffici 
discharge is little affected by viscosity. 
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COEFFICIENT OF DISCHARGE. 


avai (FOOT urerra) 


CoEFFICIENTS OF DiscHARGE OF DesigN No. 2 MopELs UNDER Prezr-FLow 
ConDITIONS. 


It appears from the results given above that the 1/29-4 model represe: 
the smallest size that can give approximately correct results, and that 
1/24 model used for the above experiments does not suffer unduly fi 
scale-effect under pipe-flow conditions. 


Comparison between the Discharges of Models to Four Different Scales. 


The surface-tension and the kinematic viscosity of water are redu 
by a rise in temperature, but the kinematic viscosity of air, which is m 
than ten times that of water, is increased by a rise in temperature ; ther 
fore, in a complex mixture of water and air such as occurs in bellmou 
in which the proportions of the two substances are continually changing, 
is reasonable to expect that the average kinematic viscosity of the mixtw 
will remain approximately the same, and will not be greatly affected 
changes in temperature, so that temperature-variations will not aff 
the results of the experiments very much provided the differences 
temperature are not too great. 

Experiments with Design No. 2 under conditions (g) and (h) with a 
the air-vents open and closed respectively were also carried out with th 
other three models (scales 1/19, 1/29:4, and 1/43°5). During all thei 
experiments, the lowest and the highest temperatures of the water wet 
58° F. and 81° F. respectively; the temperature of the air was ne 
measured, but must have varied between 50°F. and 88° F. approx 
mately. As far as could be judged, these temperature-variations did n¢ 
affect the results of the experiments in any way. 

Fig. 14 shows the discharge-curves for the four models und 
condition (g) with the air-vents open, and the theoretical cury 


Q = 223 x 3: -23h?, From this diagram it can be seen 


(a) That the three larger models give very similar discharge-curv 
which lie close to the theoretical curve up to a height of 74 fee 
the best discharge being obtained with the largest model. — 
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(6) That the smallest model gives the smallest discharge, the ratio 
between the maximum discharges of this model and of the two 
larger models being approximately in the ratio of the coefficients 
of discharge determined on pp. 79 et seq. 


_ Under condition (h) with all the air-vents closed, the discharge-curves 
of the 1/24, 1/29-4, and 1/43-5 models increased up to maximum discharges 


Fig. 14. 


% 1/29-4 model 3 


hy ha ha 


DISCHARGE : CUSECS. 


PEPE hee Ee Ee ey NE 


J 
4 


P HEAD OVER LIP: FEET. 


_- , 
DISCHARGE-CURVES FOR THE Four Mopets or Destan No. 2; Att Arr-VENTS OPEN. 


of 18,350, 18,250, and 16,250 cusecs respectively, but in all other respects 
xactly similar results were obtained. 

_ From consideration of the foregoing results, the conclusion was reached 
hat the smallest model suffered from scale-effect under ordinary working 
conditions also, but that the other three larger models did not suffer unduly 
rom it. This confirms that the value of dV/H in foot units for models 
f this type should not be less than 1:5. However, for a given value of — 
he height H from the lip of the bellmouth to the centre of the outlet-end 
f the tunnel, the effect of viscosity will become relatively greater as the 
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length of the tunnel is increased ; in the case of a tunnel where the ratic 
of the length to the height H is greater than the Jubilee tunnel, the value 
of dWH for the model would have to be larger than 1-5 to avoid scale- 
effect. The length of the Jubilee tunnel is approximately 3 times the 
height H. : 


Comparison between the Vacua of Models to Three Different Scales. 


The ratio between the vacuum at any point in a model and the corre- 
sponding point in the prototype should be directly proportional to the seale- 
ratio; for example, if a vacuum of 12 inches were measured at any point 
in a model having a scale-ratio of 1/24, the corresponding vacuum would be 
24 feet in the prototype. Hence it also follows that the ratios of the vacua 
in any number of models should be directly proportional to their scale- 
ratios relative to each other. 

In addition to measurements of discharge with Design No. 2 under 
conditions (g) and (h) with the air-vents open and closed respectively, 
readings were also taken of the vacua on all four models. Figs. 15 show 
the product of the relative scale-ratios and of the vacua measured at points 
6 to 14 with the air-vents open, plotted in relation to the discharges for the 
three models with scale-ratios 1/19, 1/24, and 1/29-4. An examination of 
Figs. 15 shows the following features :— 


At points 9 to 12 and 14 the departures of the plotted points from 
mean curves are small, and there is every indication that the measured 
vacua on the models are in a direct scale-ratio relative to each other. Ne 
readings were taken on the 1/24 scale model at points 9, 10, and 12. 

At points 6 to 8 and 13 the departures of the plotted points from thi 
mean curves are considerable, but there is still an indication that the vacu 
are in a direct scale-ratio relative to each other. 

For all discharges up to approximately 8,500 cusecs the vacua at al 
the points inside the bellmouth and the tunnel are practically zero, and th 
flow is evidently similar to that of an open channel. ; 

Between 8,500 cusecs and 10,000 cusecs there is a rapid rise in the vacu 
corresponding to the change-over from open-channel to tunnel flow. 

Above 10,000 cusecs and up to 13,500 cusecs the relationship betweer 
the vacuum V at each point and the prototype velocity of flow v can be 


expressed approximately in the form V = + + kv), where n denotes th 
n 


prototype scale-ratio and @ and k are constants, different constants being 
applicable at each point. Above 13,500 cusecs the same relationship still 
applies at some of the points, but appears to start falling off at others. is 
At points 15 to 24 no relationship could be traced between the measure 
vacua of the different scale models, except that here also the vacua wer 
all practically zero up to a discharge of 8,500 cusecs. 
As was to be expected, the measured vacua of the model of sc 


oA ER 
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Tatio 1/43-5 suffered. from scale-effect and did not show any relationship 
to the vacua of the other models at any of the points. 

_ When the air-vents were closed, the linear relationship between the 
‘vacua of the three models at points 6 to 14 was slightly better established, 
especially at points 6 and 7 round the bend. In all other respects very 


Figs. 15, 


PIEZOMETRIC POINT N¢® 6. 


eee AN ae STEN eee oe tte aN) IT eS ee Ne, 


‘MAXIMUM VACUUM: INCHES OF WATER. 


DISCHARGE: CWSECS. 


}RAPHS SHOWING PRopucts or RELATIVE SCALE-RATIOS AND Vacua IN RELATION 
To Discuarce; Toren Mopets or Desian No. 2. Att Arr-Vunts OPEN. 


imilar results were obtained. The vacua were again zero up to 8,500 cusecs 
nd rose rapidly between 8,500 and 10,000 cusecs. When the discharge 
xceeded 10,000 cusecs, the same relationship between the vacua and the 
rototype-velocity could be applied approximately to discharges up to 
8,000 cusecs, except at points 11,13, and 14. At these points the vacua 
nereased for discharges up to 13,000 cusecs, and then decreased for the 
= 3 : : 


a 
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higher discharges. As before, no relationship could be traced between t. 
vacua at points 15 to 24, except that they were all practically zero up 
8,500 cusecs. 

The prototype scale-ratio of Fig. 15 is 1/19, and 21 inches on 
this diagram, shown by the dotted line, corresponds to 33 feet in the pr 
totype, which is absolute vacuum near sea-level. An examination of t 
diagram shows that for discharges above 9,500 cusecs the vacua ex 
21 inches at most of the points. It is, of course, impossible for the vacua i 
the prototype to exceed or even to reach absolute vacuum, but neverthel 
it is probable that in the event of a high discharge occurring the vacua wow. 
strive to attain it and would in consequence be very high. In the case 
the Jubilee reservoir it is not anticipated that the discharge over the bell 
mouth will ever exceed 8,330 cusecs, and conditions creating high vacua 
inside the tunnel are not likely to arise. 


Desicen No. 3. 


As already stated in the theory above, the ideal shape of bellmou 
from the point of view of preventing the formation of vacua would be su 
that for any discharge the potential energy at any cross section of th 
bellmouth either exceeds or is equal to the kinetic energy at that sectio 
the potential energy being the height above that section of the water-level 
inside the bellmouth. This, however, involves a converging shaft of 
unusual depth, which in many cases might add considerably to the cos 
It is doubtful, however, whether such a consideration should be permitted 
to interfere with perfection in design. The bellmouth referred to as 
Design No. 3 and shown in Fig. 16, Plate 1, was designed as a compromisé 
between the requirements of theory and those of economy. This design 
has a tapered shaft approximately 100 feet deep. 

Experiments were carried out on a 1/29-4 scale-ratio model of this 
bellmouth with and without a waterway-channel. No air-vents and ne 
division-wall were provided. The removal of the waterway-channel was 
equivalent to placing the bellmouth in the middle of the reservoir, and its 
object was to determine the effect of the waterway-channel on the discharge. 

The discharge-curves under both conditions are given in Fig. 17. With 
the waterway-channel, the relationship between the discharge Q and the 
head on the lip 4 was approximately Q = 227 x 2-90h?, up to h = 8 feet 
The ratio between the discharges with and without the waterway-channe 
varied from approximately 100 per cent. at 3 feet to 83 per cent. at 7-5 feet 
the discharges in the latter case being 13,500 and 16,200 cusecs respec 
tively. Above 7-5 feet the difference between the discharges diminishe¢ 
rapidly, until at 9-35 feet the discharges with and without the waterway: 
channel were both 16,800 cusecs. if 

The vacua were measured at the piezometric points numbered 1, 2, ete. 
on Fig. 16, Plate 1. Figs. 18 (p. 86) shows the vacua for Design No. 3 witl 
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the waterway-channel at points where vacua occurred. Slightly smaller 
vacua were recorded without the waterway-channel. Elsewhere at points 
1 to 6 in the bellmouth above the junction of the tapered and the constant- 
diameter shafts, and at points 14 and 16, only pressures were recorded 
under both conditions. 

The pressure and vacuum readings were much steadier than those 


Fig. 17. 


Siphon-bellmouth without 
waterway-channel 


Siphon-bellmouth with, |’ 
waterway-channel 
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Design N° 3 without ; ip 
waterway-channel\_/ ; 
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bserved on the other bellmouths, the difference between the maxima and 
minima being comparatively small. When the scale-ratio is applied, a 
racuum of 134 inches (shown by the dotted line on the graphs in Fvgs. 18) 
corresponds to absolute vacuum in the prototype, and it can be seen from 
his diagram that vacua approaching absolute would be obtained at some 
f the points in the prototype for discharges exceeding 11,000 cusecs.. 
Jevertheless, a very quiet and stable flow without any surging or turbulence 
n ide the bellmouth was observed for all discharges, and the bore of the 
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flow at the outlet-end remained steady without fluctuating. There was n0) 
sudden drop in the discharge due to the formation of a single vortex, 2 d 
for the higher flows causing submergence of the lower part of the bellmou 
the water-level remained steady without rising or falling. This is illus | 
trated in Fig. 19 (facing p. 76), which shows Design No. 3 discharging | 
15,550 cusecs at a head of 8-3 feet above the lip. 


Figs. 18. 


PIEZOMETRIC POINT N° 7. 
qe 


VACUUM: INCHES OF WATER. 


11,000 14,000 


1,000 14,000 


Ree eo] 
DISCHARGE: CUSECS. 
Vacua in Desian No. 3 BELLMOUTH WITH VERTICAL SHAFT AND WATERWAY-CHANNEL, 


These improvements in the steadiness of the flow are probably due ne 
only to the improved shape of the bellmouth from the point of view o 
vacua, but also to the reduced tendency to “ priming ” as compared witl 
that of a sloping tunnel. 4 

The discharges obtained with Design No. 2 and the sloping tunnel wer 
better than the discharges obtained at corresponding heights with Design 
No. 3, but in all other respects the results pointed to the superiority of th 
latter design. In cases where higher discharges at the smaller head 
with the same maximum discharge are required, the diameter of the lij 
of the bellmouth can be enlarged without enlarging the diameter of th 
tunnel. | 
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. THe SrpHoN-BELLMOUTH. 


These experiments on models of bellmouth overflows show clearly one 
great disadvantage that applies to them all, namely, that such overflows 
are not brought into action to anything like their full capacity until the 
water-level has risen to a considerable height above the lip. 
Consideration of this fact led the Author to design a new type of over- 
flow, the proposed prototype being as shown in Fig. 20, Plate 1. The 
principle involved is that the lip of the bellmouth is converted into the 
crest of a siphon by means of a circular hood round the circumference. 
Priming is effected by means of a step introduced for the purpose. The 
radius of the crest is 3 feet 6 inches, the depth of the throat is 3 feet 2 
inches, and the inner leg is brought down to 19 feet below crest-level. 
The advantage of this type of overflow is that a large discharge is obtained 
with a comparatively small rise in the water-level. At the same time, if, in 
an exceptional flood, the water rises above the hood, the water is still able 
to flow over the top of the siphons as well as through them. Owing to the 
higher velocities obtained through the tunnel at the lower water-levels in 
the reservoir, this type of spillway also enables a reduction to be made in 
the size of tunnel required, and in most cases the economies resulting 
thereby would more than compensate for the extra cost involved in the 
construction of the siphons. 

A model of the siphon-bellmouth was made in the scale-ratio 1/29-4, as 
shown in Fig. 21, Plate 1. The invert of the siphon-units, including the 
priming step, was made of white metal turned on a lathe, and the hood 
was made of 35-inch zinc plate. The siphon-units in the model suffered 
to a certain extent from scale-effect, but this was compensated for by the 
periphery in the model being divided into six units instead of twenty-four as 
in the prototype. The air-vent pipes and stilling pools for the siphon- 
units in the prototype were omitted as unnecessary for the model, and 
no air-vents were provided elsewhere in the shaft or the tunnel (Fig. 22, 
Plate 1). The waterway-channel was lowered from a depth corresponding 
to 5 feet to a depth corresponding to 16 feet below the crest in the pro- 
totype to suit the inlets to the siphon-units. The model was tested with 
and without the waterway-channel, and the discharges for water-levels 
from 5 to 9 feet above the crest are given in Table I (facing p. 68). 

_ Fig. 17 shows the discharge-curves under both conditions, and demon- 
strates the advantages of this type of spillway as compared with Design 
No. 3, which is typical as regards discharge of the ordinary bellmouth 
spillway. Priming took place at 1 foot 43 inches above the crest, the 
discharges amounting to 12,100 and 12,600 cusecs with and without the 
waterway-channel respectively. Under the former condition a small 
vortex usually appeared at each entrance to the waterway-channel, but 
disappeared immediately the water rose above the hood and started | 
overflowing. The discharge increased to 13,700 cusecs at 4 feet, 16,800 
mt 2 we 
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cusecs at 4 feet 9 inches, and 17,100 cusecs maximum at 8 feet above t 
lip. Under the latter condition, the discharge increased to 15,800 cus 
at 4 feet, 16,900 cusecs at 4 feet 11 inches, and 17,240 cusecs maximum ib 
8 feet above the lip. Figs. 23 and 24 (facing p. 77) show the a 
bellmouth just before and after it primed, respectively. Under both 
conditions, and at all levels of the water above the crest, a very qui 
stable flow was obtained without any surging or turbulence and witho' 
any single vortex forming. ' 
The vacua recorded with the waterway-channel at the junction of the 
tapered and the constant-diameter shaft varied with the discharge fro 
9 inches at 12,500 cusecs to 16 inches at 17,100 cusecs at point 7, and fron 
5 inches at 12,500 cusecs to 11 inches at 17,100 cusecs at point 8. Slightl 
smaller vacua were recorded without the waterway-channel. Elsewhe 
at the other points above the junction, only pressures were recorded und 
both conditions. Below the junction the vacua under both conditions dic 
not exceed 33 inches for all discharges at any of the points. 
No measurements of vacua in the siphon-units were taken, but the 
maximum vacuum at the crest can be determined with sufficient accuracy 
for purposes of design by applying the free-vortex law. The radius of the 
crest was originally designed to be 2 feet 14 inch, and the radius of the crest 
in the model corresponded to this original radius, but, owing to the dische 
through the siphon-units being higher than was anticipated, the radius of 
the prototype had to be increased to 3 feet 6 inches to prevent the vacua 
which would form at the crest from becoming too high. 
Model experiments were also carried out on a siphon-bellmouth with 
the sloping tunnel shown on Figs. 2, Plate 1, but it was found that ver 
high vacua were formed inside the tunnel and that violent surging took 
place. A single vortex was also formed when the siphon-bellmouth became 
submerged. This type of spillway is only suitable for a vertical shaft 
discharging into a nearly horizontal tunnel, and was not suitable for the 
Jubilee tunnel. 
Mr. J. L. Savage, in his recent lecture on the Boulder dam!, stated tha’ 
it was anticipated that velocities up to 175 feet per second would occur in 
the spillway-tunnels and that “‘ Special researches, including erosion tests 
on concrete surfaces under full-velocity conditions,2 were conducted ti 
determine the effect of such a velocity on the concrete tunnel-lining. Th 
available data and tests indicated that clear water flowing at this velocit; 
would have no serious effect on sound concrete having a smooth and proper! 
streamlined surface.” 
The velocities through the tunnel obtained with the siphon-bellmouth 
after the siphon-units have primed vary from 70 feet per second to nearh 


4 


? Journal Inst. C.E., vol. 6 (1936-37), p. 161. (June 1937.) 

* Particulars of these experiments are given by the U.S, Bureau of Reclamati 
in the Boulder Canyon Project Final Reports: Part VI., Hydraulic Investigations 
Bulletin 1, Model Studies of Spillways. (Denver, 1938.) Owe 
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00 feet per second. The Boulder-dam erosion experiments indicate that 
hese velocities are well within the limit that sound concrete can withstand 
vithout excessive erosion, provided the water is not carrying too much 
ilt in suspension. 

_ Another advantage of the siphon-bellmouth is that in the event of a 
rortex forming in spite of the results of the model-experiments, which 
ndicate the contrary, the discharge would remain practically unaffected. 
The effect of a vortex would be to increase the head on the siphons and thus 
utomatically compensate for any loss in discharge over the cow] due to the 
yortex. This effect was actually observed on the model of the siphon- 
ellmouth with the sloping tunnel. The siphon-bellmouth thus offers 
sreater security against the effect of a possible vortex than any other type 
 bellmouth, and the results obtained with the model show the great 
sossibilities of this type of spillway, especially in cases where the quantity 
if flood-water to be dealt with is very considerable. 


CONCLUSIONS. 


' The conclusions derived from the above experiments are as follows :— 


1. That for a model of a bellmouth spillway and overflow-tunnel where 
the working head measured from the lip of the bellmouth to the centre of 
the outlet-end is not less than approximately one-third of the length, and 
the value d\/H for the model is not less than 1-5 (where d denotes the 
liameter of the pipe in feet and H the working head in feet), the model is 
uble to predict approximately the behaviour of the prototype, except 
serhaps where the possible formation of a single vortex is concerned. 

2. That, even at levels of the water above the lip where there is a 
sossibility of a single vortex forming, it seems probable that the behaviour 
of a model fulfilling Conclusion 1 will be similar to that of the prototype. 
3. That the weir formula Q = Ich? can be used up to a certain limiting 
value of h for expressing approximately the relationship between the 
lischarge Q and the height / of the water in the reservoir above the lip of a 
bellmouth, c being a coefficient which tan be determined with reasonable 
yecuracy from experiments on models of sufficient size. 

_ 4, That when a bellmouth becomes submerged at the higher discharges, 
he maximum vacua or pressures inside it can be determined with sufficient 
.ecuracy for purposes of design by applying Bernoulli’s theory and the 
ree-vortex law. 

5. That the most hopeful method for preventing the formation of a 
ingle vortex is to site a bellmouth sufficiently far out from the hillside to 
able a waterway-channel to be constructed which allows easy access of 
he water to all sides, and to design the bellmouth so as to maintain positive 


ressure for a sufficient depth below the level of the lip. A division-wall 
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dividing the waterway-channel and bellmouth into two halves may also be 
adopted. : | 

6. That the application of Bernoulli’s theory and the free-vortex law 
shows that the best shape to give positive pressure inside the bellmouth. 
absence of vibration due to surging, and the least erosion due to vacua insid 
the tunnel, is a bellmouth with a deep vertical conical shaft connected to: 
horizontal tunnel by a bend with a large radius. 

7. That the siphon-bellmouth with a deep vertical conical shaft has é 
higher efficiency as regards discharge than the ordinary bellmouth, has al 
the advantages of the best shape described under Conclusion 6, and, in 
addition, is the only type of bellmouth that gives a discharge which is not 
seriously affected by the possible formation of a vortex. ; 


The experiments described in this Paper were carried out by the Autho: 
under the direction of Mr. G. B. Gifford Hull, M. Inst. C.E., to whose 
inspiration and encouragement this Paper owes its origin, and the Authe 
welcomes this opportunity of expressing his gratitude to him. The Autho 
also desires to express his thanks to Messrs. Binnie, Deacon and Gourley. 
MM. Inst. C.E., for their permission to publish this Paper. 


The Paper is accompanied by eight sheets of drawings and thirty-si: 
photographs, from some of which Plate 1, the Figures in the text, and th 
half-tone page-plates have been prepared. 
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“Experiments on the Stability of the Self-Anchored 
Suspension-Bridge.” 
By Armanpd Huon Toms, B.Sc. (Eng.), Assoc. M. Inst. 0.E. 
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INTRODUCTION. 


Ad ae. | 


‘HE experiments on a model self-anchored suspension- bridge described in 
his Paper were carried out solely from the point of view of justifying 
xperimentally certain principles, used in the design of a bridge of this 
ype, which -had been obtained from theoretical considerations of the 
y of the system. 
_ In a normal stiffened suspension-bridge the whole of the force in the 
ackstays or side-span cables has to be resisted by the anchorages, and 
ny movement of the latter will cause distortions of the suspension system 
nd consequently upset the dead-load stresses calculated on the assumption 
f rigid anchorages. In the self-anchored type of bridge the backstays or 
de-span cables are connected to the stiffening girder at the anchorages, 
ie horizontal component of the force in the cables being taken by the 
iffening girder in compression, and the vertical component by vertical 
nks connected to the anchorages. It will be seen, therefore, that in the 
tter type of structure the anchorages are called upon to resist only 
ertical forces much less in magnitude than the cable forces. 
_ This is a point of considerable importance in the selection of a suitable 
rpe of bridge for a site where the strata in which anchorages have to be 
rovided are not economically capable of taking the large horizontal 
mmponent of the cable force, but where the vertical component can be 
salt with comparatively easily. 

The stiffening girder of the self-anchored type of suspension-bridge 
erefore acts as a strut taking the horizontal component of the force in 


3 Correspondence on this Paper can be accepted until the 15th February, 1939, 
id will be published in the Institution Journal for October 1939.—Sno. Inst. C.E. ~ 
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the cable, and subjected to the dead and live loads acting downwa! 
and the forces in the hangers acting upwards. The problem was 
determine the effective length of the stiffening girder as a strut in a verti 
plane, in order to arrive at an economic depth in the design. 


APPARATUS. 


The model used in the experiments is shown diagrammatically 


Figs. 1 and also in Figs. 2, 3, 4 and 6. 
The stiffening girder consisted of a length of 2-inch by Z-inch oak 
at each hanger-point, and articulated for the purposes of the experime! 


Figs. 1. 
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by means of }-inch diameter hard brass pins passing through holes 
steel pin-plates. The sections of the girder were slotted vertically at th 
centre of each articulation to admit the hanger-wires, which were loope 
round the brass pins. This form of articulation was adopted after exper 
ments on other types with the object of reducing frictional and other error: 
ma ek contacts were made as smooth as practicable and well lubr 
cated. 
_The suspension-cable and hangers were of fine steel wire, the hangei 
being carefully formed to the correct theoretical lengths on jigs, an 
located on the cable by short lengths of wire binding on the downwat 
side of each hanger. The tower-bents were constructed of hardwood ar 
pivoted at the bottom on hard brass cone-and-cup rocker bearings th 
cable and backstays being supported by a steel rod passing through tl 


tops of the tower-legs. The stiffening girder was located in position at or 
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tower by extending the articulation-pin through holes in the tower-legs, 
and at the other tower it was hung freely by wire links from the rod at 
the top of the tower. 

At the anchorages, holes in the vertical anchor-links and a screw for 
fine adjustment were provided for the purpose of giving various degrees 
of positive or negative camber to the girder by raising or lowering the 
anchor-pins. 

At the end of the span at which the girder was freely hung from the 

tower a free-running pulley was provided so that by hanging weights in a 
scale-pan, from a cord attached to the anchor-pin and passing over this 
pulley, any desired horizontal tensile force could be applied to the end of 
the stiffening girder, to relieve the compression in it due to the thrust from 
the backstays. At the other end of the span this force was transmitted 
via the side-span girder to the tower pin and thence to the rocker bearings. 
The near end of each articulation-pin was painted white and its centre 
carefully marked with a fine spot of Indian ink, so that the deflexions of 
the stiffening girder could be obtained by recording the heights of these 
pin-centres above the base-board by means of a finely graduated steel 
rule and magnifier fixed on a sliding base. The whole apparatus was 
mounted on a stout timber base. 
_ The apparatus was assembled with the stiffening girder horizontal and 
resting on packings, the hangers and cable being then connected up in the 
frue geometrical position. Slight allowances were made for the extension 
of the cable under the dead load of the girder, by giving the towers a 
sorresponding slight initial inward inclination. 

By screwing down the anchor-links the girder was then lifted free from 
she packings and these were removed. It was at once observed that the 
system when self-supporting was perfectly stable, and that the stiffening 
sirder could be deflected at any point without causing it to collapse as a 
trut, the system resuming its normal position on removal of the load. 


PROCEDURE. 


_ Without applying any horizontal force to the anchorages, the camber of 
he girder was then varied in stages from a maximum positive to a maxi- 
num negative, and in all cases it was found that the system was perfectly 
table, provided that in no case the upward deflexion at any articulation 
vas sufficient to cause the hanger at that point to go into compression. 
When this condition was reached the hanger buckled and collapse of the 
irder took place. This latter condition is, however, quite out of the realms 
f possibility in practice, and is therefore of no consequence. 

Experiments were then made with loads at various points and also 
vith various values of the horizontal force H applied to the ends of the 
tiffening girder, the deflexions of all points being recorded in each case. 
“hese deflexions are given in Figs. 6, 7, and 8 (pp. 94 and 95), Figs. 2, 3, 
,and § showing the model in various conditions of loading and camber. 
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_H =0, due to loads at the centre, and also due to a pair of equal loads a 
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From Fig. 6, giving the deflexions due to loads at the quarter point fo 


the conditions of no camber and with H = 0, it will be seen that th 
deflexions are regular and nearly proportional to the applied load. Thi 
shows the system to be in a state of stable equilibrium, since the onk 
necessary condition of stability under a given range of loading is that th 
deflexions shall remain finite within that range and be related in son 
manner to the load. The fact that the deflexions are proportional to th 
load indicates that the system will remain stable outside this range 
loading up to the point at which the tension in any hanger is reduced { 
zero by the upward deflexion of the girder, and the hanger fails by buckling 
Fig. 7 shows the deflexions for conditions of no camber and wi 
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the mid-points of panels DE and EF. In these cases also the system 
perfectly stable. 
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’ The curves of Fig. 8 show the deflexions of all panel-points, due to a 
sonstant load at the quarter-point of the span, for various values of H 
‘anging from zero (when the bridge is self-anchored) to a value equal to 
he horizontal component of the cable-tension, when the bridge is acting 
is a simple suspension-bridge and no horizontal thrust is being taken in the 
tiffening girder. It will be seen that, although the deflexions in the “ self- 
wnchored ”’ condition are much greater than those when the system is in 
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mple suspension, they are nevertheless regular and of definite magnitude, 
lowing that in the “ self-anchored ” condition the bridge is still in the 
gion of stable equilibrium. Had these deflexion-curves been asymptotic 
. the H = 0 axis, thereby showing that any load, however small, would 
iffice to cause a displacement which would persist on removal of the load, 
en the system would have been in a condition of neutral equilibrium 
hen in the “ self-anchored ” condition. : 3 

_ All these experiments were repeated for various degrees of positive 


and negative camber in thf” stiffening girder, the results being similar t 
those shown for the uncambered condition. 

An explanation of the stability of the self-anchored system is to b 
found in the areas of the deflexion-curves, which show that, in spite of t 
freedom of the anchorages, in all except the first two curves of Fig. 
downward displacement of the stiffening girder at any point caused upwar 
displacements at other points which more than balanced the downwar 
ones. Any downward deflexion therefore involves raising the centre 
gravity of the mass of the stiffening girder and the performance of wor 
against gravity, which is in itself a condition of stable equilibrium. Th 
non-agreement of the first two curves with this condition is probably du 
to the “take-up ”’ of slight play in the stiffening-girder joints under 
horizontal thrust. 

It appears also that, owing to the inclination of the cable at all point 
except the centre, any forced upward or downward deflexion of any pou 
of the girder relative to the adjacent ones causes a lateral movement 6 
the top end of the hanger at that point in addition to the vertical deflexior 
In consequence, the alteration in the vertical force in the hanger due to th 
cable forces is in excess of the corresponding force produced in the hange 
by the change in inclination of the thrusts in the adjacent sections of th 
girder. Force is therefore required to produce either an upward or down 
ward deflexion at any point. 


CoNCLUSIONS. 


The conclusion to be drawn from these experiments is that, since th 
_ stiffening girder when under full horizontal thrust shows no tendency t 
‘collapse as a whole in a vertical plane, its effective length as a strut in thi 
plane is simply the panel-length between hangers. 

The depth of girder required in any bridge will therefore be determine 
principally from considerations of bending between hangers, and deforma 
tions as a whole under partial-loading conditions, which are limited by th 
maximum permissible grades and transverse slopes. 


The Paper is accompanied by four sheets of drawings and four phot¢ 
graphs, from which the Figures in the text and the half-tone page-plat 
have been prepared. 
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INTRODUCTION. 


VHEN a load is placed at any point on a bridge, the decking and cross 
irders distribute it to the main girders in proportions which depend upon 
he relative stifinesses of the different parts of the structure. 

‘An analysis of the problems presented was recently made by the 
uthors in connexion with a road-bridge having four main girders, and this 
nalysis, with extensions to other cases, is given in the following Paper. 

_ The general type of structure dealt with is shown in diagrammatic 
rm in Figs. 1 (p. 98). It consists of the main girders, 1, 2, 3, and 4, 
iterconnected by a number of cross girders which are supposed to be 
rmly attached to them. The floor-system is assumed to prevent any twist 
‘the main girders. It is convenient to assume that the cross girders are 
es by a continuous connecting system, which can resist bending 


1 Correspondence on this Paper can be accepted until the 15th February, 1939, 
d will be published in the Institution Journal for October 1939.—Szc. Inst. C.K. 
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transversely to the bridge but does not add to its longitudinal streng' 
This assumption allows the loadings on the main girders to be expres 
as continuous functions ; unless it is made the problem is intractab | 
a general form. The closeness of agreement between the real ane 
assumed cases will depend upon the number of cross girders in the 


bridge, but with the usual spacing adopted for these members the erro: 


Figs. 1. 


Main girder 


involved may reasonably be expected to be small. The second mome 
of area of each of the two outer girders is denoted by J;, and that of t 
other girders by Ig. : é i ee 
If there are » cross girders each having a second moment of area J 
the total transverse flexural rigidity is nE,I,, where EZ, denotes Yo 
- modulus for the material of these members. The flexural rigidity per u 


length of the bridge is then ies where L denotes the span. 4 


The types of distortion of a cross section of the bridge are BF 
Figs. 2 for the cases when a concentrated load is placed at any point ona 


inner and an outer girder respectively. aI 
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‘The analysis of the problem is simplified if the principle of superposition 
is applied.1 
_ The concentrated load is denoted by 2W and is replaced by two separate 
systems as shown in Figs. 3. The first consists of equal downward loads 
W disposed symmetrically with reference to the longitudinal axis of the 


g 

. Figs. 2. Figs. 3. 
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bridge, and the second of equal downward and upward loads W at the same 

ag These two systems will be referred to as the symmetrical and 

skew-symmetrical systems respectively, and the solutions for the load 2W 
be the algebraic sum of those obtained for these two separately. 

If the deflexions of the main girders at any cross section of the bridge 
as shown in Figs. 2 are ¥1, Yo; Ys» and 4 the cross girders at this section 
apply shearing forces to the main girders to which they are connected. 
He shearing forces per unit length are denoted by wy, we, ws, and w4 

is easily shown that 


i oa 


\ 


Wy = MY2 — Yi) 


4 W2 = myx a 2y2 te Y3) ee (1) 
4 ws = m(Y2 — 2y3 + Ya) 

- Wg = m(ys3 — Ya) 

3 : __ 12nE J. 

4 ere aL 


and / denotes the distance between main girders. 
A positive sign denotes a downward load. 
If EI, is the flexural rigidity of the nth main girder, the intensity of 


_ 


d4 
loading at any point is w, = EI, a where y, denotes the deflexion at a 


distance x measured from any origin. 


1 Prof. A. J. S. Pippard, “ es Application of the Principle of Superposition to 
ain Structural Problems,” aoe Inst. C.E., vol. 7 (1937-38), p. 447. (January 
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Ifk, = = equations (1) can be written 


El, 
oi = ky(y2 — 91) 
<% = heyy — 242 + Ys) 
| Git = hale — 24 +90 
| Get = halts — : 


Under the symmetrical load-system 
¥=Y%¥1 12). 

Ys = Y2 \ ‘ aS 
and under the skew-symmetrical system 


> Y= \ 
“33 —92 
BrIpGE witH Four Main GirDeERs. 


The case to be considered is shown in Figs. 1. The load of OW act 
a distance a from one end of the bridge and b from the other. The o 
of co-ordinate axes for sections a and 6 will be taken at the two ain 0 


3) em of two downward loads W ‘acting on sea nt Naa: 2and 3 and 
y-symmetrical system of W downward on order No. 2 and W sp 
"Sa No. 3. 


a Ky. — = 


iu 
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which combined with equation (5) gives 


z dé ony dtyy 
2 git Me WRENS. Sta 8) 
‘The general solution is 
n =A Br + C22 + Dz3 + Ecos Az cosh Ax 
+ F sin Xx sinh Ax + G sin Ax cosh Ax + H cosAx sinhAc . (7) 


‘and, using the first of equations (5), is obtained : 
‘Yo =A -+ Br + Ca? + Da’ — «{E cos Ax cosh Ax 
‘4 + F sin Az sinh Ax + G sin Ax cosh Ax + H cos Az sinh Az}. (8) 


£ 


Ewhere A= fe = ay 
9 4 
A, B...H, are constants which must be evaluated from the conditions of 


the item. The form of the equations is the same for both portions of the 
‘beam into which the loaded section divides it, but the constants will have 
different values. Those in the length a will be denoted by the symbols 
‘above, and those in the length b by 4’, B’...H’. There are thus 
sixteen constants to be evaluated and the hecteeaty conditions are as 
follows : 


3 (a) The deflexions and bending moments of each of the two girders 
E must be zero at each support. 

_ _(b) The deflexions, slopes, and bending moments of each girder must 
= 5 és . 

2 be continuous at the loaded section of the bridge. 

__ (c) The change of shearing force in passing through the loaded section 
4 must be W in the case of girder No. 2 and zero in the case of 
- girder No. 1. 

: The conditions included in (a) give 

: A=C=E=F=0 

E A’ =C' =F =F’ =0. 


Since the positive direction of z is different in the two sections of the bridge, 
the conditions included in (6) and (c) are 


F yy when x = a is equal to y'; when x’ = b, 
| dys ped 

‘ de ” ” p ” ” ” as 

d2 d2 

i lt EL,“ 4} me 
7 ae ” ” ” ” ” 1 aq'2 2? 

d3y, _ HEI dy’ 

. EI, dz3 ” ” ” ” Lis ” Se) gs 


$e « 
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Y2 when x = a is equal to y's aon a’ = b, 
dye _ 4y's 
dx ” ” 2” ”? ” dx’ ” ” > 
r dy p) ee d2y’ 2 
EI,—— = a2 ” 3? ? 3? ”» 2 dx’? ” ” % 
EI,—— aye ” ” ”? As El,7 as et A C “ae W a . 
28 | 


where 2’ and y’ denote values of x and y in the ae 4 b. 


| ‘These conditions yield the following values for the constants : 
Wab(L + b) Be Wab(L +- a) 


: ~~ 6LE(E + 1s)’ ~~ BLE; + 1s)’ 
e pee ee Piel 
= OLR it del, 6LE(I, + Is) 


W{sin AL cosh AL (cos Ab sinh Ab — sin Ab cosh Ab) 
— cosAL sinh AL (cos Ab sinh Ab +- sin Ab cosh Mb) 


Sioa 408 E(I, + Iz)(cosh® AL — cos® AL) 
W{cos AL sinh AL (cos Ab sinh Ab — sin Ab cosh Ab) “a 
= + sin AL cosh AL. (cos Nb sinh Ab + sin Xb cosh AB)} 


48E(I, + Iz)(cosh? AL — cos? AL) 


_ The expressions for G’ and H’ are the same as those for G and H but w 
the substitution of a for b. a 
The equations for the deflected forms of the girders and the bending 


moments, shearing forces, and loadings in the length a are then’ a 
Whe _ 
i=%= sLET, +1) —a(L + b)} as 
+- G@ sin Ax cosh Ax + H cos Ax sinh Ax “ (9) 
Wha a 
=y = 6LE(, +Iy” —a(L + b)} 


Veta Ra saiatintly ieee ave Se 


=M,= val ewe 7, .) + 2nA2B1.(G cos Ax sinh Ax ; 
—H sin de cosh Az). . (ll) 

. Wha( I ae 

nM “T-tr) = HASRT{@ bon Xe sith ko ge 


t's : 
—H sin x cosh Az) . z 


f= k= T(r << ) + 20A3#T,{G(cos Ax cosh Ax - : , 
- ~sin Aw sinh Az) — — H (eos Ae cosh Ae + sin a sinh Aa)} vas (13) 


i re i 
- 
4 >. 


/ - we 
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m 

; smu WD 
Pp =i; = z (; 4 5 — 2oA3FI,{G (cos Ax cosh Ax 
s. 1 2 3 
A — sin Az sinh Ax) — H (cos Ax cosh Ax +- sin Ax sinh Ax)} (14) 
1 = Wy = — 4aA4HIQ{G sin Ax cosh Ax + H cos Ax sinh Ax}. . (15) 
We = wz = 4aA4EI2{G sin Ax cosh Ax + HcosAxsinhAz} . . . (16) 


Z 
4 The corresponding equations for the length b are obtained from the 
. by Bian oe a for b and vice versa, and G’ and H’ for G and H. 


dtyy 
oeeae Ky — 1) 
‘ty (17) 
d- an = ak(y, — 3y9). 
Tence “a a sik kl + 3a) 1 ear 2k2ay, = 0. Pe eee 


The general solution is 


= I cos Bx cosh Bx + M sin Bx sinh Bar + WN sin Ba cosh Bu + P cos Ba 
sinh fa + Q cos yx cosh yx + R sin eine sinh Ka + S sin yx cosh yx 
+fcosyzsmhyr .. 5 . jes Ved) 


: d using the first of equations (17), is obtained : 


n~ (1 — ) (ZL cos Bx cosh Bx + M sin Bx sinh Bx + N sin Bx cosh Bx 


4 
+ P cos Bx sinh Bx) + ( — “FQ cos yx cosh ya + R sin yx sinh yx 


+ S sin yz cosh yx + T cos yz sinh yz), ee? ee ee 4) 
o- oe 
7 L= ae + 8a + V 902 — 2a + i] 
; eae ea T 
and y= [Ftd + 8x — V0 =a + 1}). 


he conditions for the determination of the constants are the same as in 
the first case, and their values are 

7 tM — PR =0, 

Dea BT i= YY = fe 0, ; 

Reagsctedle. Ps A8k(I, + Lo) 


» @: @h (i B16 —y) 


_ Fy = 2ET,[B*{N(cos Bx cosh Br — sin Be sinh Br) — P (cos Be cosh Bx 


WW, = — 4ET, er(1 _ ay sin Bx cosh Bx + P cos Bz sinh Bz) 


‘ 
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S 3m @ 9 Ree ASK, + Io) 


(Gz (Hz (G’)g (H’)n 2 T(B* — 4) 

where (@),, (H),, (@’)1, and (H’), are the values of the constants G, H, G", 
and H’ for the symmetrical case but with Aa, Ab, and AL in the circular and 
hyperbolic functions replaced by Ba, Bb, and BL respectively, and (G@)g, 
(H)o, (G’)o, and (H’)s are the same constants with Aa, Ab, and AZ in these 
functions replaced by ya, yb, and yL, respectively. 
The equations for the deflected forms of the girders and the bending 
moments, shearing forces and loadings in the length a are then 


y1 = N sin Bz cosh Bx + P cos fz sinh Bx + S sin yz cosh yx | 
+T cosyx sinhyx . (21) 


MS ee (: -- Pw sin Bx cosh Bx + P cos Bz sinh Bz) 


-- (: = 23 (Ssin yx cosh yx + T cosyxsinhyz) . (22) 
M, = 2E1,[B?(N cos Bx sinh Bx — P sin Bx cosh Bz) 
+ y°(S cos yx sinh yx — 7 sinyxcoshyx)] . (28) 


Mz = 2EI, ae _ vay cos Bx sinh Bx — P sin Bx cosh Bz) 


+ (1 SF) (Scosye sinh ye — 2 sinys cosh) ie 


+ sin Bx sinh Bzx)} + y8{S(cos yx cosh ya — sin yx sinh yz) 
— I (cos yecoshyx +sinyxsinhyz)}]} . ..... (25) 


F = 281, ( = ae | 
22> 2 Bs il —F)ov (cos Bx cosh Bx — sin Bx sinh Bz) — P (cos Ba 


cosh Bx + sin Bx sinh Bx)} +x(1 —F\ts (cos yx cosh ya 
— sin yx sinh yx)— T' (cos ya cosh yx +- sin ya sinh ve] (26) 


w, = — 4K1,(B4(N sin Br cosh Bx + P cos Bx sinh Bax) 
+ y{(S sin yx cosh yx + T' cosyxsinhyz)] . (27) 


4. “(1 — e\s sin yx cosh yx + 7' cos yx sinh v2)| Ae ¢'2-)) : 
Superposition of results for case 1. 


To obtain the deflexions, bending moments, shearing forces, anid 
loadings on the four main girders when 2W acts on girder No. 2, it is only 


7A tees 
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necessary to superpose the results found for the two separate load-systems. 
Then, denoting the resultant deflexions by 41, Yo, ete., 


; yi= Eq. (9) + Eq. (21), 
e Yo = Eq. (10) + Eq. (22), 
| Ys = Eq. (10) — Eq. (22), 

Yy4 = Eq. (9) — Eq. (21), 


and the bending moments, shearing forces, and loadings are found in a 
similar way by combining the corresponding equations. 


Case 2: Load on Outer Main Girder. 


_ In the case now considered a load 2W acts on the outer main girder 
No. 1 at a distance a from one support and b from the other. As before, 
the load is replaced by a symmetrical system consisting of equal downward 
loads W acting on Nos. 1 and 4, and a skew-symmetrical system consisting 
of W downwards on No. 1 and W upwards on No. 4. 

_ Equations (2), (3) and (4) are valid and the general equations (7), (8), 
(19) and (20) are the same as before. 

q The conditions for the determination of the constants are the same with 
the exception of (c): the change of shearing force in passing through the 
loaded section is now W for girder No. 1 and zero for girder No. 2. Hence 
the whole of the results obtained for case 1 are correct for this loading if 
the constants are modified as follows ; the new constants are denoted by a 


suffix o. 

4 

a) a load-system. 

; Bo=B By =B 
D)=D D’) =D’ 

“f — I, / , Ty 
Go = —4(7) = —6(7) 
F I, , 7 7) 
; = —H(~ H’, =—H 

; ae (7 ) : (; . 
b) Skew-symmetrical load-system. 

ee, PNT Ph KIL +1) (: - ') 
oO Oy @i Hh 2b) k 


S i S’ ers A3k(I, + Ie) ( me =) 

= (@. (Az ~@)2 (A), 2Ph(6*—y4) k 

vhere (G);, (H)x, etc., have the meaning already explained. The super- 
sition of the two sets of results is made as for case 1. 


ponding constants on p. 102 by (11 + Ts) The deflexions, bendi 


2 
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two systems into which the load is divided. 


Case 1: Load on Inner Main Girder. 


Since the load is on the centre-line of the bridge the skew-symmetrical 
case does not arise, and it is only necessary to consider the effect of a single 
load. In the four-girder bridge the results are obtained for a load 20 
and the same load will therefore be applied to the centre girder at a distance 
a from one end, as before. j 


In this case Y1 = Y3» 
and equation (2) gives __ 
dty, 
ad 2G | 
ant 2 — 91) 
d 
and ar = 2ak(y; — ye). 


These give 
By; d4yy 
k(2 —— = 0. 
Fe + Hea + 15% = 0 


The general solution is the same as that given in equations (7) and (8), bu 
with 


=f 


The constants may be deduced from the values found for those equation 
and are: 


A'=C’= EK’ =F =0, 


_ _ Wab(L +b) py — Wad +a) 
3LE(21, + Io)’ SLE(2T, + 13), 
Wb ; Wa ‘ 


D renee D ee ee 
3LE(21, + Io) BLE(2I, + Ip)) 
The constants G, H, G’, and H’ are obtained by multiplying the corres 


2, +1,” j 
moments, shearing forces, and loadings are then given by equation 
(11), (13), and (15) respectively for girders Nos. 1 and 3, and by eq 
(10), (12), (14), and (16) respectively for girder No. 2, the new valu 
and the constants being substituted for those of the four-girders case 
In these expressions the coefficient « is replaced by 2a. iG 
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Jase 2: Load on Outer Main Girder. 
a) Symmetrical load-system. 

Loads are applied downward to girders Nos. 1 and 3 as shown in 
figs. 4 (a). The fundamental equations for this loading are the same as 
hose for the symmetrical load-system of Case 1, and A has the same value, 
yut since loads are applied to girders Nos. 1 and 3 instead of to No. 2 the 
onstants are modified as follows : 


. Baa = Fo 0, 
A. =C =F’ = F’ =0, 
_ Wab(L + b) pa Wel +o) 
3LE(21, + I2) SLE(2I, + 12) 

i: Wb D'= Wa 
3LE(21,'+-Is) 3LE(2I, + Iz) 
| Figs. 4. Figs. 5. 
| ow | 2W 


<= ae 
=\ 
- 
~ 
se 
2 


| | (b) 


[he constants G, H, G’, and H’ are obtained by multiplying the corres- 
mdi (Li + to) Deflexions, bendin 
goding constants on p. 102 by (Ql, + Ia)ly ; g 
moments, shearing forces, and loadings are then given by equations (9), 
11), (13), and (15) respectively for girders Nos. 1 and 3, and by equations 
x (12), (14), and (16) respectively for girder No. 2, the correct values of 
and the constants being substituted in those equations. In these expres- 


e the coefficient « is replaced by 2a. 


b) Skew-symmetrical load-system. 
__ A downward load W is applied to girder No. 1 and an upward load W 
girder No. 3 as shown in Figs. 4 (0). 


r this loading Wy = Ys 
we : Y2 — 0. 
Y1 4 = 
dx ae ky, 0. 


Pst SE a a 


- 


, 


- downward load W upon it and in the second case one girder has W dow: 
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The solution of this equation is 
Y1 = — y3 = Los psx cosh px + M sin pe sinh pax : 
+ N sinpxcoshux + Pcospxrsinhpxr, . . (2 


k\t 
where p= (7) , 


Using the same conditions as in the case of the bridge with four girders 
the constants are found to be 


b= l= Kee 220, 
W{sin wL cosh pL (cos pb sinh xb — sin pb cosh pb) 


Ete 4u3ET,(cosh2uL — cos*uL) 
W{cos pL sinh pL (cos pb sinh wb — sin pb cosh pb) 
Pic: + sin wZ cosh pL (cos pb sinh pb + sin pb cosh pb)} 


4u3EI,(cosh2uL — cos*uL). 

N’ and P’ are obtained from N and P if b is replaced by a. Th 
deflexions, bending moments, shearing forces, and loadings for girder No. - 
are given by equations (21), (23), (25), and (27) if 7 and S are made zer 
and the above values of 4, N and P are used. Those for girder No. 3 ar 
the same as for No. 1 but with reversed signs. 


BRIDGE witH Two Marin GiIrpDeERs. 


The load of 2W acting on one girder at a distance a from one end and | 
from the other is replaced as before by symmetrical and skew-symmetri¢ 
systems, as shown in Figs. 5, so that in the first case each girder has 


wards and the other W upwards. 


(a) Symmetrical load-system. 
In this case, shown in Figs. 5 (a) (p. 107), y; = ys, and equation (2) give 
d4y, p 

ae =V, 

The general solution of this is 

y=A-+ Bo+ Ca? + Dz, 
Since the deflexions and bending moments are zero at the ends of t] 
girder, the equations for the deflected form in the lengths a and b respe 


tively are a 
y = 2(B + Dz*) 
and y =a (B’ + D’x’2), \ 
The values of the constants are : 
F pepe Wab(L + b) Be Wab(L + a) 
6LEI ’ any 6 6LET ate 
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Ce LIV) , Wa 
i OLE’ ~ 6LET 


Since the two girders are similar and similarly loaded there is no inter- 
action from the cross girders, and the results are therefore those for a 
simply-supported girder with a load acting at a distance a from one end. 
The bending moments at any point are 


Z Wha 

: op ue, (31) 
: Wav’ 

od a 

P aa 

4 

b) Skew-symmetrical load-system. 


ANP GS 


_ In this case, shown in Figs. 5 (b) (p. 107), y; = — yo, and the equation 
‘0 be satisfied is 

4 

FE a4 dit 5 

4 Tat 1 2h = 0. 

Phe solution is the same as that for the skew-symmetrical load-system 
or the three-girder bridge, but with 

q k\t 

“a 

: Gt 


ne constants are the same as for that case and the equations for deflexions, 
nding moments, shearing forces, and loadings are also the same. The 
nly difference is in the value of yu. 


ee 
_ 
4 
_ APPROXIMATE SOLUTIONS FoR Maximum BENDING MomMENTSs, ETC. 
x 
4 


In many cases AL, BL and yL appear to be large, and if they exceed 7 
jans, simplified approximate formulas can be obtained for the maximum 
.. bending moments, etc., in the various girders of the bridge. 
_ If, for example, AL is large, then approximately 


; cosh AL = sinh AL = ieAb 
n 


nd expressing cosh Ab and sinh Ab in exponential form, the constants 


nd H can be reduced to the following approximate values : 


W 

= bf gin AL — 8) — cosA(L —b)} 

mee A; +1;)oosh AL — e-*{sin ML +b) — cos (L +B)}]. 
W 


> ues 


= [ee sin AL — ri + cos A(LL — b)} 
} BME Ls + Is) cosh al —e— {sin AL + b) + cos A(L + 6)}). 


maximum deflexions and bending moments will occur when the load 
one of the girders of the bridge at the mid-point of the span. In 


7 Ye a 
al 
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L 
this case a = b = 9? and 
G = wb 3 (sin? — cos * | 
= 8\3H(I, + Io)eosh AL|° 2 2 4 
AL? 3AL WAV 
—e {sin 2 — cos =~] 


Ww M AL 
a= 2 - — 
H = 3yn(I, + Iq) cosh ule (sin “Whom: ) 


The expression 
G sin Ax cosh Ax + H cos Az sinh Ax 


then becomes 


AL AL AL 
G sin > die Suit H cos ~> sinh > —, 


‘ 4 
3 _ On substituting the values of s and H obtained me and reducing 
: its value is obtained as 
ghee 
8A8E (I 1 + I oer 
When AL is sufficiently large the first term is the only one of impo 
and hence 


. AL AL AL . AL Ww 
RR 


| 


{AZ 2(cos AL + sin AL) + e~ “(cos 2AL + sin 2a : 


7 equations to be as shown below. The two systems have been aa 
- that the results give the complete solution : ' 


 Four-girder Bridge : Girder No. 2 Loaded. > 
bile py - ial 1 (2 =!) 4 pg k (, : ital ue 
7 Ae = 16B LT, + 133 1,(B4 — y4) \ys ph 2d 
Fol St) gre he en 
As WEL +IANS * 1) + Tye serif pt pee 


; ra pewe 4 (0—5)+55 kl, ants 1 a 
i My I, + Tp A) ~~ 2(B4 — y4)Ig\y “al oes 
f HW I. (: 2) k mee (be 
Ms 41+ Gt a) +2 ene Paalols ale 
It may be noted that when I; = Ip, Bt — y4 =hlV2, o%, a0 4 
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a 
our-girder Bridge: Girder No. 1 Loaded. 


a... W 1 Lae ar) a k 1 ( ot) 
- 16H ie + ak A3I, 1,(B4 — y4) | 68 k 
ae EB aE k a 
a veg TSH, Bien T,(B4—y4)\y3_— B38) | 
= W I Hf k 1 *) i a} 
a 1 2 2 (: = 1 
Balzer "+ at) tala 4) —; 0-4 


paGalesrerteele 


Ww fF aeee | 
a ee (5-33) 


(Zhe -Te) Was 
es eel 
A2= BM Oia Ta) (F er ui) 


is 7. ie (1 | 
; ae aes oT ete 2A)" 


mgs aero ib) 
aa (Fr (+3 


Ai W 1 Ts Fy k 
oe mleeen coe, Q7Te | 
Ww Lo 

ds=~ agar, ci (3H) 


¥ Ua (x ae) asi 
& Ms 2 Bes ant il, 


zz ete oti ay =} 
a oi alee (z 2A)” 


W (Bk 
~ 16E1 (F+5): 


w 
I 


— =a 
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EXPERIMENTAL VERIFICATION. 


As a check upon the results of the analysis a simple model was built anc 
tested. It is shown in Fig. 6, and consists of four main members made 01 
8-inch by }-inch steel bar connected transversely by forty-one strips 0 


10 inches 


3 3 
x : . 
. c = 
~ ‘Ss a 
<S e ‘o £M Qa 
S ss 2 ° 
vv cs 8 
> c a Se = 
. e o - 5 
Ry » 50 isl 
2 - 
§ 2n a 
8 BH 
° 
~. 
ion 
€ 
rs] 
s 


spring steel 3-inch by 0-018 inch evenly spaced and riveted to the mai 
members. The span of the model is 36 inches, and the main member 
are spaced at 4-inch centres. ; 
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rder No. 2 at a point 224 inches from one support, and in the second the 
me load was placed at the centre of girder No. 2. Deflexions were 


p 
measured by means of an Ames dial at various points on each girder, and 


the results are compared with those calculated by the formulas of this 
Paper in Tables I and II and in Figs. 7 and 8. 


| 


% Figs. 7. 

Re 0:20 

% 

3 

7. 

% Girder N° 1 

- 

=< 

¥. Girder N° 2 

2 Z 

- = 

a z 

Be fe) 

a Y 

4 x 

a ira Girder N° 3 

3 8 

8 

4 

q 

_ 

a 

a Girder N° 4 

4 

7 

Cer ar ae: 

a NOTE: THE CURVES ARE THEORETICAL VALUES. 

4 THE POINTS SHOW EXPERIMENTAL VALUES. 

E Taste I.—Loap at 5/8L From Enp or Girper No. 2. 
Defiexions for 2-Ib, load: inch. 

E Girder No. 1. Girder No. 2. Girder No. 3. Girder No. 4. 

Point. ee 


-Theoreti-| Experi- | Theoreti-| Experi- | Theoreti-| Experi- |Theoreti- | Experi- 
cal. mental. cal. mental. cal. mental. cal. mental. 


0-054 0-056 0-052 0-057 0-045 0-046 0-040 0:037 
0-102 0-106 0-100 0-106 0-084 0-081 0-074 0-068 
0-138 0-144 0-142 0-143 0-108 0-111 0-096 0-090 
0-156 0-160 0-173 0-170 0-115 0-127 0-105 0:097 
0-148 | 0-149 0-179 0-174 0-105 0-120 0-096 0-090 
0-116 | 0-118 0-140 0-135 0-082 0-093 0:074 | 0-072 
_ 0-064 0-064 0:074 | 0-069 0-046 0-050 0-040 | 0-039 
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Figs. 8. 


: INCH. 


DEFLEXION 


a a a ee 


_ NOTE: THE CURVES ARE THEORETICAL VALUES. 


THE POINTS SHOW EXPERIMENTAL VALUES. 


TaBLE IJ.—Loap at Mip-Pornt oF GirpeER No. 2. 


Deflexions for 2-Ib. load: inch. 


ae Girder No. 1. Girder No. 2. Girder No. 3. Girder — ia 
oint. 


Theoreti-| Experi- | Theoreti-| Experi- | Theoreti-| Experi- Theoreti- FE <a 
cal, mental. cal. mental, cal. mental. 


1/8L | 0-063 | 0-064 | 0-064 | 0-065 | 0-050 | 0-050 | 0-043 | 
1/4L | 0-117 | 0-125 | 0-124 | 0-124 | 0-090 | 0-095 | 0-081 | 
3/8L | 0-154 | 0-161 | 0-174 | 0-171 | 0-116 | 0-123 | 0-104 | 
1/2L. | 0-167 | 0-176 | 0-196 | 0-186 | 0-124 | 0-135 | 0-113 | 


are probably attributable to the fact that the main members of the 


are very weak torsionally, and this may cause some re-distributio 
load. 


The Paper i is accompanied by two sheets of diagrams, from whic ch 


Figures in the text have been prepared, : 
ee 


Re ; 
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Students’ Paper No. 953. 


i “The Strengthening and Reconstruction of Weak Bridges under 
4 the Road and Rail Traffic Act, 1933.” 


By Joun Hayus, B.Sc., Stud. Inst. C.E. 
(Ordered by the Council to be published in abstract form.)! 


HE Paper deals principally with railway overbridges which were con- 
tructed over half a century ago. The Author gives a short résumé of 
egislation affecting overbridges up to the present day, including reference 
io the Highways Act of 1835; the Railway Clauses Consolidation Act. of 
845; the Railway Clauses Act of 1863; the Bridges Act of 1929; the 
ed Traffic Act of 1930, and its ion to the various Locomotive 
Acts ; ; and the Road and Rail Traffic Act of 1933. He then deals with the 
sessment of bridges, and considers the design and construction of arch 
md girder bridges, with reference to the effect of certain assumptions 
nd errors made in design on the safe load which the bridge can carry. 
The relative advantages of strengthening and reconstruction are then 
onsidered. 

The Author deals next with various methods of strengthening masonry 
nd brick arches, including (1) the placing of beams clear of the arch 
nd supported on continuations of the abutments; (2) the construction 
sf a reinforced-concrete arch above, and independent of, the existing arch, 
put springing from the existing abutments ; (3) the addition of a reinforced- 
oncrete saddle to the arch; and (4) the construction of a new ring inside 
he old arch-barrel. The fitter method cannot always be employed, on 
iccount of limited side and overhead clearances from the railway. An 
pproximate mathematical analysis of the third method is included in 
1¢ Paper. The strengthening of abutments, spandrel-walls, cast-iron 
sirders, steel plate-girders, and timber bridges, are also considered. The 

fidening of masonry or brick arches is then considered, and particular 
nention is made of the method of widening by cantilevering. 
_ The Author then deals with the reconstruction of bridges. He divides 
hort-span bridges into two classes, namely, the so-called statically- 
terminate type, and all others, and he points out that the choice of 


_ 1 The Paper is printed in full in the October issue of the Journal of the Associa- 
ion of London Students, copies of which may be obtained on loan from the Loan 
uibrary of The Institution; a limited number of copies is also available, for retention 
ry , members, on application to the Secretary. “ 


bridge is influenced by a number of considerations, such as the q 
of settlement, and the existing head-room. The general lay-out o 
bridge is then considered in relation to certain definite factors. "The ma 
types of girder bridge are considered, and brief particulars are giv 
each type, whilst constrictional problems are referred to. An expressioi 
is given for the ratio of deflexion to span for plate-girder bridges, ane 
alternative methods of construction are mentioned for use in speci 

- circumstances, such as in areas subject to mining settlement. The A 
refers to various types of abutments, including cantilever abutz 
vertical-beam abutments, and skeleton or open abutments. For fo 
tions in bad ground or in an area subject to settlement, it is desirable 
construct the wing-walls or face-walls so as to be independent of 
abutments as regards relative vertical movement; the Author refe 
the method by which this is done, and to its effects on the design. Fi 
the Author considers the portal-frame, and refers to certain featu 
its design, including the possibility of employing a very small constru 
tional depth at the crown, and the fact that the soffit may be made j 
follow the structure-gauge more or less closely. ; 
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: ENGINEERING RESEARCH. 
: THE INSTITUTION RESEARCH COMMITTEE. 
' Sub-Committee on Velocity Formulas for Open Channels and Pipes. 


Tus Sub-Committee has so far been engaged on the collation and study 
of existing data on hydraulic flow. As a result of this work it has become 
apparent that additional experimental data are required regarding flow in 
artificially-roughened and in commercial pipes, particularly at high 
Reynolds numbers, Arrangements have now been made for the necessary 
tests to be carried out at the National Physical Laboratory, The Institution 
contributing £150 towards their cost. 


a 


REPORT OF THE ROAD RESEARCH BOARD FOR THE YEAR 
‘ ENDED 31st MARCH, 1938. 


4 Research undertaken at the Road Research Laboratory, Harmonds- 
worth, is reviewed in the report for the year ended 31st March, 1938.1 
A few of the investigations described are discussed briefly below. 

- Certain of the more specialized problems of soil-mechanics which occur 
m road-construction have been studied in the new soil-mechanics section 
of the laboratory, in particular, those concerned with embankment- 
construction, the behaviour of soils under concrete slabs, and soil surfaces 
prior to construction. Close co-operation is being maintained with the 
suilding Research Station, where the stability of earthworks and the 
pressures on retaining walls are receiving particular attention. Studies of 
the moisture-content for optimum compaction of soil, for example in em- 
bankments, have indicated that the range of moisture-contents over which 
sompaction approaching the optimum is obtainable is restricted toa few 
per cent. The work on the stability of earth slopes which was outlined in 
the previous Report has been continued. In investigating the behaviour 
of the soil under concrete road-slabs it has been found possible to measure 
she pressures at various points by a device whose operation depends upon 
the measurement of the frictional couple required to rotate a metal disk 
pearing on a pressure-pad in contact with the soil. 

~ Much attention has been devoted to the development and testing of 
situminous surfacings. The grading and nature of aggregates has been 
nvestigated ; methods of sampling have been studied, and the mechanical 
sroperties of aggregates have been tested by crushing and abrasion tests. 
the beam test for studying the mechanical properties of bituminous 


1 Published by H.M. Stationery Office, price 4s. 
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of applying the results of the elastic theory of thin plates to the design 


forces that will be imposed on the road may be predicted from a knowled ; 
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useful results. A satisfactory form of viscometer is now available f 
viscosity-measurements of bituminous mixtures and is very useful in th 
study of their complex mechanical properties. 

Promising results have been obtained by adding chlorinated rubber t& 
road-tar ; it is doubtful whether in its present form the process will prove 
economic, but the technical results are very interesting and the poten tia 
benefits sufficient to warrant further investigation. Road-tests of the 
material are being arranged. | 

Tests on various surfacings are being continued, both on the Colnbrook 
by-pass and elsewhere, and on the road-testing machines. 

The year’s work on concrete roads has included researches into the 
behaviour of the materials themselves and into the factors determining the 
stresses induced in slabs under normal surface conditions. The study of the 
workability of concrete has been continued, with special reference 
the effects of rounded aggregates. With rounded material the effect 61 
grading was found to be less than with other aggregates ; the outstanding 
feature, however, is that a very much lower water/cement ratio is required 
to produce the same degree of workability. This reduction in wate) 
content results in increased strength which, with lean mixes, may amount 
to as much as 100 percent. The investigations into the design of concrete 
slabs have been continued ; stresses due to load, frictional restraint of the 
foundation, and curling due to temperature- or moisture-gradients ¢ 
discussed in the Report. 

The strength and deformation of reinforced-concrete slabs, such a 
bridge deck slabs, subjected to concentrated loading has been investigatet 
at the Building Research Station with the object of checking the validit 


reinforced-concrete slabs fixed along two or four edges. It appears that. 
reinforced-concrete slab can be considered roughly as a homogeneous elasti 
plate at low loads before cracking; after the incidence of cracking t 
strength is increased by the tendency to redistribution of moments, an 
the ultimate loads sustained by the slabs tested were from 1} to 2 times a 
great as the values calculated according to the elastic theory. 7 
Certain investigations have been grouped for convenience under th 
heading of “ Road Mechanics ” ; they include studies of skidding, surface 
irregularity and surface-texture, the forces between vehicle and road 
surface, and the behaviour of traffic. The technique of surface-textur 
printing has been developed, and it has been found to be a very useft 
method of recording surface-condition; an attempt is being made t 
establish some correlation between the detailed appearance of the print 
and the skidding characteristics of the surface. 1 
The measurement of the impact-forces between vehicle and road he 
been continued, and mathematical analysis appears to show that 4 
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of the road-contours and the vehicle-characteristics. High-speed cine- 
photography of the passage of a lorry over a surface-irregularity has 
afforded visual confirmation of the impact-measurements. 

~ Methods have also been devised for measuring the stresses between 
tire and road both under a stationary and a moving vehicle. So far the 
work has largely been confined to the measurement of the distribution of 
the normal stresses under a smooth tire standing on a smooth road. 

_ A number of devices have been developed to give data on traffic- 
behaviour and climatic conditions, which require to be known in order to 
assess accurately the nature and intensity of the forces and conditions 
leading to the wear and deterioration of surfacings. These devices include 
a “camera obscura” for investigating the transverse distribution of 
traffic ; ; an automatic traffic counter which records the number of axles 
crossing traffic pads installed in the road; the wet-road clock, referred 
to in the last Report, which gives a cowtinuons record of wet and dry 
conditions on the road ; and an apparatus to give a continuous record of 
temperatures both on the surface and within the body of a road-carpet. 


™" 
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THE WORK OF THE WILLIAM FROUDE LABORATORY, 
1937-1938. 


3 A Report published by the Department of Scientific and Industrial 
Research outlines the progress that has been made in the past year in 
research into various problems of shipbuilding and naval architecture. 

EA comprehensive study of the resistance, propulsion and pitching of 
ships in rough water has been continued; the effects upon propulsive 
efficiency of the introduction of a cruiser stern, reduction in blade-area of 
propellers, and placing the propeller-brackets behind the screws, have 
been determined. A review of the causes leading to change of propeller- 
efficiency in rough weather is being made, and the research will be 
extended. 
E A research into the design of screw-propellers includes the testing of 
model single and twin screws for cargo ships and liners, various pitches and 
speeds being tested. Experiments on the effect of various depths of im- 
mersion showed that there was no appreciable change of efficiency until 
the immersion to centre became less than 0-6 times the diameter; the 
efficiency was reduced as immersion diminished, but this was only serious 
at low slips; the effect of the reduction of immersion upon thrust was 
only serious at high slips. Cavitation-tests have been extended, and 
oe stroboscopic experiments have been made. 

A re-analysis of Froude’s data on frictional resistance has been made : 
‘ has been shown that the “ anomalies ’’ mentioned by Froude can all be 
xplained by assuming different points of transition between laminar and 
turbulent flow. A mathematical and experimental study of the wave- 
esistance of three-dimensional forms has been made. 
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Tests have been made on the characteristics of the cargo and collier: 
types of coaster, which have indicated the limiting value of the prismatic: 
coefficient that should not be exceeded for any particular required speed, | 

Further studies have been made on the vibration of ships; measure-' 
ments are necessary on large passenger ships with long erections above the 
strength deck, and it is hoped that observations may be made on two 


passenger vessels due for completion in the autumn of 1938. 


TWENTIETH ANNUAL REPORT OF THE NATIONAL 
RESEARCH COUNCIL, DOMINION OF CANADA. 


This Report, which covers the fiscal year 1936-37, deals compre 
hensively with the work of the National Research Council and of its 
laboratories and committees. Some of the principal spheres of laboratory 
and field research are mentioned briefly below. 

The Division of Biology and Agriculture has studied many problems 
connected with the production and distribution of cereals, poultry, bacon 
and fruit. Progress has been made in the development of rapid-growing 
and disease-resistant varieties of poplar for afforestation. 

Many of the researches of the Division of Chemistry have been concerned 
with the utilization of Canadian raw materials. In particular, improved 
magnesian refractories based on dolomite have been produced. Th 
preparation of plastic casein has been studied, and its commercial produc 
tion in Canada is anticipated. Many tests have been made on paints 
varnishes, and enamels, on some of which specifications have been based 
and new pigments and vehicles are being studied. 

The Division of Mechanical Engineering, in addition to testing an 
calibration work, has carried out investigations on applied aerodynamics 
internal-combustion engines, aircraft and allied instruments, and th 
reduction of fire-hazards. ‘ 

The work of the Division of Physics and Electrical Engineering: hai 
included acoustic and electrical measurement and standardization, heat 
insulation and air-conditioning, metrology, surveying, spectroscopy, ant 
radiology ; in the last-named work, considerable progress has been mad 
in the methods of examination and standardization of radium preparation: 
and of extra hard X-rays. 

The researches mentioned above have been carried on in the divisiona 
laboratories, Other work has been done by Joint Committees and oth 
Associate Committees and by individual researchers assisted by the Council 
much of it is concerned with agricultural problems, but many engineerin 
problems have also been studied. In particular, the Report outlines 
work of committees on aeronautical research, asbestos, chemical standar 
engineering standards, fire-hazard testing, forestry, gas research, magnesi 
products, radio, radiology and survey research, } 


- 
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1 PRINCIPLES OF MODERN BUILDING. 

& The Building Research Station has now been engaged for about 17 


years in work on building problems, ranging from the execution of major 
researches on general principles to the answering of inquiries on practical 
details. Such organized research on any considerable scale is a new develop- 
ment in the building industry, and for that reason the advance in knowledge 
that has been made during that time has been rapid in relation to that of 
earlier periods. It has therefore been considered desirable to collect the 
principal body of information acquired (which is not fully reflected even 
in the many published reports and answers to inquiries) in a series of 
volumes dealing with building as a whole. The four principal volumes are 
to deal with walls, partitions, and chimneys ; floors, roofs, and structural 
framework ; foundations and works below ground-level; and internal 
finishes and decorations. 

_ The first of these volumes has now been published!. It deals compre- 
hensively with all modern types of construction of walls, partitions, and 
chimneys, and special attention is paid to the fundamental requirements 
of design and to the new factors introduced by recently-developed materials 
and constructional methods. The various functions of a wall, such as 
strength and stability, exclusion of rain, heat-insulation, sound-insulation, 
and fire-resistance are considered in turn, and all important characteristics 
of the materials available are tabulated. Special attention is given to the 
control of moisture-travel into and through walls; the advantages and 
disadvantages of various surface-finishes are discussed, and methods of 
preating defective finishes are given. It is pointed out that a cracked or 
grazed surface-finish may be worse than none at all, as it permits the ingress 
of water during rainstorms but greatly hinders its evaporation from the 
wall during dry periods. The causes, remedies, and prevention of defects 
n damp-proof courses and flashings are discussed in detail. 

_ Full information is given regarding the practical points in monolithic 
reinforced-concrete construction. It is emphasized that the design of the 
nix with respect to strength and impermeability can only be decided in 
germs of the cement and aggregates that will actually be used on the job, 
ind that full control by sampling and testing must be exercised throughout 
the work. Care has to be taken to avoid local defects that would permit 
he passage of damp, and construction-joints require special attention. 
[he precautions necessary in placing concrete during frosty weather are 
xplained. 

The important points in the design of special structural features such 
1s chimney-stacks, flues, fireplaces, parapets, and cornices are dealt with. 
: ee PE Se Pee ee 

a 1« Principles of Modern Building, vol. 1: Walls, Partitions, and Chimneys.” 
{.M. Stationery Office, 10s. 6d. whet: 
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The various types of mortars, their relative advantages, and the proper | 
methods of proportioning, mixing, and handling them are fully discussec 

In conclusion, an extensive list of references is included ; w 
Appendixes give the loading for the design of buildings laid down in thi 
model By-Laws of the Ministry of Health, and the list of British Standard 
Specifications available for walling. 


RESEARCH IN ENGINEERING AT THE CITY AND Gl S 
COLLEGE OF THE IMPERIAL COLLEGE, OCTOBER 1938. 


The following notes indicate briefly some of the problems that are 
at present being studied in the Departments of Civil, Mechanical, and 
Electrical Engineering of the City and Guilds College of the Imperial 
College of Science and Technology. Many of these studies are in con- 
tinuation of work previously mentioned in the Institution Journal!. 


Department of Civil Engineering. 

In the Structures Laboratory the experimental work on voussoir 
arches has been continued, the tests on a model consisting of steel voussoirs 
having now been completed 2; further work has been done on arches of 
10 feet span built of concrete voussoirs, with dry and cemented joints, ant 
many tests to destruction have been made. The results are in genera 
agreement with those obtained in the earlier experiments, but prematur 
failure sometimes occurs by compression or spalling of the voussoirs. / 
Paper describing this stage of the work will be published in the Journal ir 
the near future.3 The behaviour of the concrete-voussoir arch unde 
repeated loading is now being investigated, the formation of cracks bein; 
‘indicated electrically by the interruption of a conducting film of graphit 
applied to the surface. 

Studies have been begun of the properties of reinforced-brickwo 
beams, and of the effect of various methods of casting on the strength o 
reinforced-concrete T-beams. The behaviour of plain and reinforcec 
concrete column-bases subjected to punching shear is being investigated, 
the slabs being placed on a bed of sand and loaded centrally. Researe 
on plain and reinforced concrete prisms subjected to torsion is also it 
hand, and the nature of the fractures so far obtained indicates possibilitie 
of the development of a theoretical treatment. . 

Preliminary tests have been made on the effect of various proportion: 
of salt on the properties of cement mortar; they appear to indicate tha’ 


* Journal Inst. C.E., vol. 4 (1936-37). (November 1936.) 

* Prof. A. J. 8S. Pippard, E. Tranter, and L. Chitty, ‘‘ The Mechanics of the Voussoi 
Arch,” Ibid., vol. 4 (1936-37), p. 281. (December 1936.) ; 

* Paper No. 5177, “ An Experimental Study of the Voussoir Arch,” by Prof. A.J.§ 


Peveredand R. J. Ashby. The MS. may be seen in the Institution Library.—Sxc 
NST, U.K. , ' 
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there is a critical proportion of salt that has the most deleterious effect on 
the strength and slump of the mortar. 
_ The simple experimental method of structural analysis by means of 
models that was developed in 19361 has been employed on various 
problems, including an investigation of the stresses in the transverse frames 
used in aircraft-fuselages. 

Tests have been begun on the behaviour of stiff-jointed and braced 
structural-steel frames when loaded beyond the yield-point. 
__A research is also in progress on the distribution of loads between the 
hangers and stiffening girders of suspension-bridges. 
__ Research now in progress in the Hydraulic Laboratory on a model of a 
harbour is designed to show the effect of various arrangements of break- 
waters on the amplitude of waves caused in the harbour. Means have 
been devised for overcoming various experimental difficulties such as 
those due to the production of standing waves. 
_ The pressures developed by waves striking a breakwater are being 
mvestigated by piezo-electric equipment. A cathode-ray oscillograph 
allows the pressure and the motion of the wave to be recorded simul- 
taneously by a high-speed cinematograph camera. This research is being 
earried out on behalf of The Institution Research Committee, as also was 
that upon fish-passes, the experimental work on which has now been 
finished. 
_ In the Highway Laboratory a series of tests on bituminous jointing 
materials for liquid-retaining concrete structures has been carried out. 
In the case of sliding joints the pressure that can be carried without 
appreciable squeeze and the force required to produce sliding have been 
studied ; in the case of expansion-joints the force required to produce a 
siven movement, the adhesion and tensile strength of the material, and its 
ubility to withstand repeated loading have been investigated. The materials 
shat have been tested include pure bitumen, bitumens with various fillers, 
ind a bitumen-rubber compound. The tests have been made on behalf 
of The Institution, and it is hoped to extend them during the coming year. 


Department of Mechanical Engineering. 

Most of the research work done in this Department is concerned with 
sroblems of heat-transmission. Measurements of the dissipation of heat 
ny natural convection from horizontal surfaces in air have been carried 
mut by the method of varying air-pressure previously developed, and have 
sroduced some interesting new information about the effects of the size 
f the surface on the heat-loss. 

_ Rapid progress has been made in a study of the heat-transfer from a 


& Prof. A. J. S. Pippard and S. R. Sparkes, ‘‘ Simple Experimental Solution of 
‘ertain Structural Design Problems.” Journal Inst. C.E., vol. 4 (1936-37), p. 79 
November 1936.) we 
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stream of hot air passing through a tube packed with solids ; this work 
has important industrial applications. Much of the earlier information on 
the subject was conflicting, but some of the fundamental laws expressi 
the effects of the size and thermal conductivity of the solids upon the he 
transfer to the air have now been determined. The relation between the 
heat-transfer and the pressure-drop in the tube has also been studied. — 

The heat-transfer by convection from air flowing at low velocities 
through a wide tube is being investigated ; no information has hithert 
been available for this important practical case where the velocity is so 
low that forced and natural convection occur simultaneously. The heat- 
loss from a small surface by convection to mercury has been measured both 
for natural and for forced flow. The results of this work are of particular 
theoretical interest because of the high density and high thermal com 
ductivity of mercury. An investigation of the heat-transfer by forced 
convection from a plane surface in a stream of water has now been begun; 
in particular, the distribution of the heat-loss and the effects of rougheni 
the surface are to be examined. 

A study of the absorption of thermal radiation by water vapour, which 
was undertaken to clear up some discrepancies in the coefficients of heat- 
transfer by radiation from water vapour, is now nearing completion, but 
it is not yet possible to say how far the results will affect the value 
applicable to industrial problems. 


Department of Electrical Engineering. 
The principal subjects of study at present are surge-phenomena anc 
high-frequency measuring equipment. “es 
For the investigation of surges, a cathode-ray oscillograph of very hig! 
-writing speed has been constructed. Itis of the demountable continuously 
pumped type, with a cold-cathode low-vacuum discharge tube at the top 
the anode has a small aperture through which the electron-beam passe} 
into the high-vacuum section, in which the control-electrodes are located 
The tube is normally operated at from 20,000 to 50,000 volts, and is fe 
through a saturated diode control-valve. When in use, the beam i 
normally deflected to a trap electrode until triggered by a pilot spark whicl 
starts the beam swinging across the plate. After a controllable period, th 
beam is deflected in a direction at right angles to the swing by the surg 
to be examined. It is hoped to attain a writing speed of the order of 10 
kilometres per second. For use in surge research, a discharge-circuit ¢ 
accurately-known characteristics has been constructed by arranging length 
of fine resistance-wire axially in tubes filled with oil. The oscillogray 
has been employed in an attempt to determine -whether any relia 

conclusions regarding surges can be drawn from Lichtenberg figures ; ‘8 
far, very few satisfactory results have been obtained from them. 
Considerable progress has been made in the development of bridges f 
measurements at frequencies of up to 50 megacycles. A resonance-brié 
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has been constructed which operates satisfactorily up to 10 megacycles for 
resistances up to 10 ohms ; a similar bridge for use at still higher frequencies 
has a range of meadaretiont up to 2 ohms. A Schering equal-arm bridge 
of special construction can be used up to 50 megacycles. In all high- 
frequency measuring equipment it has been found essential to employ 
circuit-elements of which all the characteristics can be accurately specified ; 
for example, resistances consist of straight wires in concentric tubes. 
Precision hot-wire ammeters, which constitute the only method of com- 
paring high-frequency measurements with direct-current standards, have 
been developed successfully by attention to that principle. 


a 


_ The foregoing researches are being carried out under the direction of 
Professor A. J. 8. Pippard, M.B.E., D.Sc., Professor of Civil Engineering 
and Dean of the College, Professor c. H. Lahde C.B.E., D.Sc., Professor 

Mechanical Engineering, Professor C. L. Fortescue, O.B.E., M.A., 
Professor of Electrical Engineering, and Professor R. G. H. Cleménte) 
F C., Professor of Highway Engineering. 
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daughter, and secondly Edith Helen, daughter of Mr. J. Pollak of London 
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OBITUARY. 


SIR ALBERT ASHLEY BIGGS was born on the 7th December, 1872. 
and died on the 12th May, 1938. He received his scientific training a 
University College, Bristol, while carrying out his pupilage under Messrs. 
Stothert and Pitt of Bath. He was appointed Assistant to Mr. H. F 
Donaldson, M. Inst. C.E., Chief Engineer, London and India Docks Joint 
Committee, in 1895, and then Assistant Engineer, Southern Mahratt 
Railway, India, in 1897. His good work as an engineer led to his being 
lent to the Government of India as Executive Engineer, Madras Presiden¢ 
Famine Feeder Lines in 1902, whilst in 1909 the Portuguese Governme 
in India requisitioned his services as Resident Engineer, Marmuga 
Harbour Extension Works. In 1915 he was appointed Deputy Chi 
Engineer, Madras and Southern Mahratta Railway into which the Southern 
Mahratta Railway had been merged, and soon afterwards Chief Engineet 
On more than one occasion while Chief Engineer, he acted as Agent of the 
Railway, and was confirmed as Agent in 1925. In 1927-28 he was Pr 
sident of the Indian Railway Conference Association. He received his 
knighthood on retirement in 1928. 

He was elected an Associate Member of The Institution in 1900 and was 
transferred to the Class of Member in 1910. He acted as Member of Counei 
for India from 1924 to 1927. 

He married firstly Miss A. Kendall by whom he had one son and on 


who survives him. > 


CHARLES CLAUDE CARPENTER, C.B.E., D.Sc., the son of Mr 
W. R. Carpenter, R.N., was born at Woolwich in 1858, and died in Lon dc 1 
on the 7th September, 1938. After studying at Birkbeck College, he bege 
his association with the South Metropolitan Gas Company by becoming 
pupil at its Vauxhall works, of which he was appointed engineer at t 
early age of 26. He was appointed deputy chief engineer to the Compan 
in 1897, and two years later was made chief engineer. In 1908, on 
death of Sir George Livesey, he was given a seat on the board, a title w 
was subsequently changed to president. To this position he later ad 
the chairmanship of the South Suburban and Commercial Gas Compa 
and he was also at one time chairman of the European Gas Company 
which gas is supplied to several important cities in France. In the spring 
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of 1937 he retired, on medical advice, from the chairmanship of the South 
Metropolitan and its associated companies, but retained his seat on their 
boards. He had exceptional administrative ability and a sympathetic 
understanding of labour problems, which must have contributed largely to 
the success he met with during his life. 

_ To Carpenter the first essential was a gas of constant and standardized 
quality, and this required a standardized burner. He therefore worked out 
processes for the removal of sulphur and naphthalene from gas, and also 
patented the well-known Metro gas burner. He was responsible for the 
Metropolitan No. 2 Argand burner, which was used by the Gas Referees 
when the illuminative value of gas had to be kept above a certain standard. 
Of more general interest and importance, perhaps, was the part he played 
in the introduction of the system of charging for gas according to its 
calorific value ; the therm unit used in this system will always be associated 
with his name. 

~ In 1895 he was President of the Institution of Gas Engineers, to which 
he contributed Papers on the heating of retorts by gaseous fuel and on 
the distribution of gas, and in 1915-17 of the Society of Chemical Industry, 
which awarded him in 1923 one of its medals for eminence in applied 
chemistry. 

_ During the war he was a member of the Chemical Warfare Committee 
and of the Munitions Inventions Panel of the Ministry of Munitions, being 
made a C.B.E. in 1920 in recognition of this work. He was also awarded 
. honorary degree of Doctor of Science of Leeds University. He was 


4 Knight of Grace of the Order of St. John of Jerusalem. 

In 1898 he presented a Paper to The Institution!. 

He was elected an Associate Member of The Institution in 1886, and 
g transferred to the class of Member in 1896. He was a Member of 
Council from 1916 to 1924. 

fle married in 1896 Amy Florence, daughter of Mr. Richard Phillips. 
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STR BASIL MOTT, Bart., C.B., F.R.S., was born in Leicester on the 
16th September, 1859, and died in London on the 7th September, 1938. 
He was educated at Leicester Grammar School, at the International 
lollege, Isleworth, Middlesex, in Soleure, Switzerland, and at the Royal 
hool of Mines, South Kensington, where he won the Murchison Medal in 
1879. 
After spending some years as a Mining Engineer for a number of 
collieries, becoming thoroughly conversant with underground working 


% 1«¢ Labour-saving Appliances in Gasworks.” Minutes of Proceedings Inst. C. E. 
vol. exxxviii (1898-99 Part iv), p. 473. sb 
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conditions, he commenced his association with the work with which his 
name will be more particularly associated by becoming assistant to th 
late Mr. J. H. Greathead, M. Inst. C.E. At that time, the London tube 
railway system was in its infancy, the only railways of this type in existen¢e 
being the shallow Metropolitan and District Railways, both steam operated, 
The first tube of modern type was the City & South London Railway, 
originally known as the City & Southwark Railway, from the Monument 
to Stockwell, constructed by Greathead between 1886 and 1890. .- © 

Though only 25 years of age Basil Mott was appointed Resident 
Engineer for this work, which was of a revolutionary nature, the Greai 
head shield being employed for the first time on a large scale. The coi 
struction of the railway was successfully completed, but many unforeseen 
difficulties arose before the line, with its novel electrical equipment, coul 
be opened for public traffic on a satisfactory basis. Mott was asked, at 
this critical stage, to take charge of the running of the line, and he did so 
for several years, until the early troubles had been overcome. He was 
thus able to acquire an unique experience of the interrelation between 
traffic and constructional problems on tube railways. 

Basil Mott then entered into partnership with the late Sir Benjamin 
Baker, Past-President Inst. C.E., and the firm commenced the constru 
tion of the second deep-level tube, still known as the Central Londo 
Railway, from the Bank to Shepherds Bush, costing £3,114,000. Thi 
railway was opened in 1900. : 

After Sir Benjamin Baker’s death in 1907, Mott carried on his ow 
practice as a Consulting Engineer with his partner, Mr. David Hay, M 
Inst. C.E., with whom, and with Mr. David Anderson, M. Inst. C.E., joinet 
later by Mr. G. L. Groves, M. Inst. C.E., he continued to practise until hi 


His association with London tubes did not end with the construction 
of the Central London Railway. The tube system grew and became co: 
ordinated. ‘Traffic increased, escalators were introduced to take the plac 
of the early lifts; tunnels for larger rolling-stock and many miles o 
extensions were required for the two lines on which Mott had done so much 
pioneer work. As Consulting Engineer to the London Passenger Transport 
Board he was in later years responsible with his firm for carrying out the 
many large constructional works necessitated by these new conditions, — 

Though he may be remembered primarily as a tunnel engineer, he ws 
associated as senior partner in the firm of Mott, Hay & Anderson, with 
many important bridge schemes and other works relating to road transport 
during his long period of service. In London he had been associated wit 
Sir Benjamin Baker in the scheme for widening Blackfriars bridge, an 
he carried this out after Sir Benjamin’s death. -He was also Enginee: 
for the widening of Kingston bridge and the reconstruction of Southwark 
bridge. The latter was started in 1913 and, after being held up durin 


Great War, was completed in 1921. Other bridges carried out in differer 
- ee ° 
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parte of the country include the Queensferry bridge over the Dee at 
Chester, the new Tyne bridge at Newcastle- -upon-Tyne, Wearmouth bridge 
at Sunderland, .Boothferry bridge near Goole, Newport bridge at Newport, 
Monmouthshire, and the vertical lift bridge over the Tees at Middlesbrough. 
Phe new Tyne bridge at Newcastle was an imposing single-span high-level 
road bridge, with an arch-span of 531 feet and a rise of 170 feet from the 
pin centres. The vertical lift bridge over the Tees at Middlesbrough was 
of special interest because it was not only the first of the vertical lift type 
be constructed in Great Britain, but was one of the largest of this type 
in the world. 
4 One of the most important projects with which Sir Basil Mott was 
associated in his later years was the Mersey road tunnel. This was the 
largest sub-aqueous tunnel in the world. No tunnel approaching it in 
length and diameter, ventilated for petrol-driven traffic, had ever been 
attempted before, and the burden of solving the many problems which 
arose during its construction fell primarily on Sir Basil Mott’s shoulders. 
The work was successfully completed, and the tunnel was opened on the 
18th July, 1934. 
4 During the Great War Sir Basil served on several Government Com- 
mittees and visited not only France, but also India, and for his services 
he ‘advice he was made a Companion of the Order of the Bath. After 
e War Sir Basil was consulted by the Ministry of Transport, and among 
hers, made reports on the Charing Cross bridge scheme, the Channel 
co and other important schemes. He was also a Member of the 
Severn Barrage Committee of the Economic Advisory Council. In 1925, 
nsiderable anxiety arose regarding the condition of St. Paul’s Cathedral, 
nd & Works Committee of engineers and architects was appointed to take 
the necessary steps for the preservation of the fabric. Sir Basil was 
jppointed Chairman of the Committee. In the King’s Birthday Honours 
List of 1930, Mr. Mott was created a baronet in recognition of his many 
services to engineering. He was elected a Fellow of the Royal Society in 


Bei Basil was elected a Member of The Institution in 1895, a Member of 
yuncil in 1912, Vice-President in 1920, and President in 1924. His 
timate association with the work of the Council was of the greatest value 
) The Institution, as his engineering achievements in the construction 
underground railways and tunnels, particularly the Mersey subnek, 
e been of the greatest utility and benefit to the country. 

_ He married Florence Harmar Parker, by whom he had two sons. 
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ALEXANDER NEWLANDS, C.B.E., was born at Elgin in 1870, 
son of Mr. A. Newlands, of Pondpark, Elgin, and died in Glasgow on 
28th August, 1938. He was educated at West End school, Elgin, 
after serving a pupilage with Messrs. Gordon and MacBey entered 
service of the Highland Railway in 1892. He was at first attached to 
engineering staff at the head office in Inverness, and was engaged ii 
parliamentary surveys for the Kyle extension of the Dingwall and Sky 
section of the line. In 1893, he was made resident engineer on these works 
which included a deep-water pier at Kyle of Lochalsh and some of thi 
heaviest rock cutting in the country, and which were completed in 1897, 

Meanwhile he was associated with the promotion of a number of lin 
in the Highlands, many of which reached the Parliamentary Committe 
Rooms and were highly contested there by opposing Bills. . 

In 1897, Mr. Newlands was made resident engineer on the widening © 
the Highland main line from Blair Atholl northwards, and subsequenti 
supervised the continuation of this work over the summit of the Grampian: 
to Dalwhinnie, a total distance of 24 miles. In 1899, he was appointec 
Chief Assistant, and in 1901 Assistant Engineer, finally being promotec 
Engineer-in-Chief in 1914. 

After the merging of this ‘undertaking i in the London Midland anc 
Scottish Railway System in 1921, he became Divisional Engineer, Inver 
ness, and in 1924 was transferred to the Crewe Division ina similar capaci ty 
He was appointed Chief Civil Engineer of the L.M.S.R. in 1927, retirin 
on the Ist July, 1933. His work included the reorganization of the Civi 
Engineering Department, the expenditure of a very large amount of mone} 
on schemes associated with the Remission of Government Passenger Duty 
and Development (Loan Guarantee and Grants) Act, 1929, and th 
construction of the Mid-Nottingham Joint Railway for the development 

of the Mid-Nottinghamshire coalfield. 

Mr. Newlands took a keen interest in the utilization of water-powd 
and served as a member of the Board of Trade Water-Power Reso 
Committee and of the Water-Power Section of the Conjoint Board ¢ 
Scientific Societies. He received the C.B.E. in 1920. 

He was the author of “ A Short History of the Growth and Developmen 
of the Scottish Railway System,” and of “ The British Railways,” 
statistical and financial discussion of modern railway operation, 

He was elected an Associate Member of The Institution in 1895, ant 
was transferred to the class of Member in 1912. He was elected a Memb 
of Council in November, 1931. In 1926, he was President of the Permanen 
Way Institution. He was also a Member of the American Railwa 
Engineering Association and of the Institution of Water Engineers. 
was a Justice of the Peace for Inverness-shire. 

He married in 1900 Bessie Hamilton, third daughter of the late Rev. J 
McGilchrist, and had three daughters. ; 
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_ SIR JOHN FRANCIS CLEVERTON SNELL, G.B.E., was born at 
Saltash on the 15th December, 1869, the son of Commander John Snell, 
R.N., and died in London on the 6th July, 1938. He was educated at 
Bymouth Grammar School, Finsbury Technical College and King’s College, 
London, of which he was elected a Fellow in 1929. After 4 years’ pupilage 
with Woodhouse & Rawson & Co., he joined Crompton & Co. Subse- 
juently he was offered the post of fexidont engineer at South Kensington, 
epresenting the late Major-General C. E. Webber, to whom 6 months 
ater he became chief assistant. In 1893 he became assistant electrical 
ngineer of the St. Pancras Vestry at the time when the King’s Road 
lectricity station was under construction. In 1896 he was appointed 
Borough Electrical Engineer at Sunderland, where he was responsible for 
im extension at Dunning Street station and for the design and construction 
#f the Hylton Road station. Three years later he was also appointed 
Borough Tramway Engineer and undertook the conversion of the system 
0 electrical traction. 
_ In 1905 Sir John was appointed consulting engineer to the London 
Jounty Council for its metropolitan electric power scheme and was retained 
or the Bill introduced in 1907. Between these years he began to practice 
Ss a consulting engineer in Westminster, amalgamating in 1910 with 
Messrs. Preece, Cardew and Rider, who then became Messrs. Preece, Cardew, 
jnell and Rider. During his association with this concern he acted as 
rincipal witness for the Crown in the National Telephone arbitration, 
und for his services in this connexion he received the honour of knighthood 
n 1914. 
_ During the war he was Honorary Commandant of the Engineering 
nstitutions’ Volunteer Engineer Corps, one of the original trustees 
pointed by the Army Council to form the Metropolitan Munitions Board, 
; member of the Ministry of Munitions Nitrogen Products Committee, a 
nember of the Board of Trade Electrical Trade Committee, and of the 
llectric Power Supply Committee, Chairman of the Water Power Resources 
Jommittee, and Chairman of the Ministry of Agriculture and Fisheries 
ilectro-Culture Committee. 
_ On severing his partnership with his firm in 1919, he accepted the 
sition of Electrical Adviser to the Board of Trade and Chief Electricity 
fommissioner-designate. He served on the General Board and Executive 
jommittee of the National Physical Laboratory, the Advisory Council for 
cientific and Industrial Research, the Imperial Wireless Telegraphy 
lommittee, and the Electrification of Railways Advisory Committee, and 
ras Technical Adviser to the Weir Committee appointed by the Minister 
f Transport to review the national problem of the supply of electrical 
nergy. For his outstanding work as Chairman of the Electricity Com- 
lissioners, he was made a Knight Grand Cross of the British Empire in 
925. 
4 Sir John was petccted an Associate Member of The Institution in 1895 
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and was transferred to the Class of Member in 1903. He was e 
Member of Council in 1916 and Vice-President in 1926, but was ob i 
decline nomination to the Presidency in 1930, and again in 1931, 
to ill health. 
He was President of The Institution of Electrical Engineers in 1914 
was made Honorary Member in 1936, and awarded the Faraday Med: lal 
1938. He was at different periods of his career President of the ne 
porated Municipal Electrical Association, and of the British Ele 
and Allied Industries’ Association. He was a Fellow of the Am 
Institute of Electrical Engineers, a Past-Chairman of the Sectio: 
Electrical Committee of the British Standards Association, and a Fel lo 
of the Geological Society. In addition to being the Author of two boo 
one on “ The Distribution of Electrical Energy ” and the other on “ Po V 
Station Design,” he submitted a number of contributions on engineering 
subjects, receiving the Watt Gold Medal for his Paper on “ * Distribu 
of Electrical Energy ’’! to The Institution. 
Sir John married in 1892 Anne Glendenning, daughter of Mr. Her 
Bayly Quick, and had one son. 


1 Minutes of riemailas’ Inst. C.E., vol. CLLX (1904-5, Part I), p. 143. 


_ Norr.—The Institution as a body is not responsible either 
the statements made, or for the opinions expressed, in the | 
published. << 
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